FUNDAMENTALS OF 

Physiology 





EVERYDAYHANDBOOK series 


FUNDAMENTALS OF 

PHYSIOLOGY 


by Elbert Tokay, Ph. D. 
Assistant Professor of Physiology 
Vassar College 


BARNES & NOBLE, INC. • NEW YORK 


PUBLISHERS • BOOKSELLERS * FOUNDED 1S74 



COPYRIGHT, 1944, BY DOUBLEDAY AND COMPANY, INC. 
Reprinted, 1947 
Reprinted, 1952 
Reprinted, 1954 
AH rights reserved 

L. C. catalogue card number: 54-10544 


Printed in the United States of America 



Preface 


The study of the Human Body is naturally a subject of the greatest 
interest to all of us. Fundamentals of Physiology aims to give the 
reader a clear picture of the structure of the body and a clear under- 
standing of the way in which the various bodily systems and organs 
work. 

So far as possible the book progresses from the simpler to the more 
complex topics. It is therefore particularly desirable that the chapters 
should be read in order from the beginning to the end, even though 
the reader may have a special interest in one or another aspect of the 
subject. The sequence is important because certain chapters can be 
understood best in the light of information given in earlier chapters; 
all scientific and technical terms are carefully defined in non-technical 
language when they are first introduced, and will therefore be readily 
understood when used later. 

The first three chapters provide the background for the book as a 
whole. Chapter I discusses the meaning, aims, and principles of Physi- 
ology, and gives a brief introductory account of the main functions and 
activities of the body, which the later chapters consider fully. Chapter 
II presents such facts of elementary biology, chemistry, and physics as 
the reader needs in the study of Physiology. Chapter III gives a work- 
ing outline of the structure and organization of the body as a whole. 

Chapters IV through XII constitute the main descriptive part of the 
book, each chapter dealing with one of the major systems of the body: 
The Circulatory System (the blood, the heart, the blood vessels — veins 
and arteries — and the lymphatic system); The Respiratory System (the 
lungs, the mechanism of breathing); The Digestive System (the 
stomach, the intestines; other abdominal organs); The Excretory Sys- 
tem (the kidneys); The Skeleton (bones and bone structure); The 
Muscular System (kinds of muscle and action of muscles); The Nervous 
System (the brain, the spinal cord, nerve fibers, nerve impulses, the 
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senses); The Endocrine System (the glands of internal secretion: 
thyroid, adrenal, pancreas, pituitary); The Reproductive System (the 
male sex organs; the female sex organs). 

The following chapters (XIII through XXII) are devoted to special 
topics in physiology of wide importance and interest, such as: Nutri- 
tion (vitamins, minerals, proteins, carbohydrates, fats, diets); Meta- 
bolism (the body’s rate of disposal of foodstuffs, liberation of energy); 
Growth (the development and repair of body cells); Body Temperature 
(heat production and heat loss); Movement; Exercise (moderate exer- 
cise, strenuous exercise, effects of training); Fatigue, Rest, and Sleep; 
Coordination of Bodily Functions; Protection against Disease; The 
Health of the Body. 

Throughout the book emphasis is placed on the normal physiology 
of the average individual. However, abnormal physiological conditions 
are mentioned when they occur frequently, or when reference to them 
aids in explaining the normal function or structure. Fundamentals of 
Physiology is concerned primarily with the working of the healthy 
body. 

In the selection and presentation of the material in this book, I have 
undoubtedly been influenced by the teaching and writings of many 
physiologists, especially those under whom it has been my privilege to 
work and study. To them all I should like to express my sincere 
appreciation. 

The illustrations have been prepared especially for this book by Mr. 
Tanner M. Clark, of the Vassar College faculty. The lettering on the 
illustrations is the work of another artist. I am extremely grateful to 
Mr. Clark, not only for his excellent drawings, but also for his valuable 
contribution to the ideas and designs which are the basis of the draw- 
ings. I wish to thank the University of Chicago Press for permission to 
include ten illustrations redrawn from Carlson & Johnson’s The Machin- 
ery of the Body; and to thank Erpi Classroom Films, Inc. for permission 
to redraw one of the views from their film, The Heart and Circulation. 
I am also particularly indebted to Dr. Ruth E. Conklin, who graciously 
consented to read the manuscript and whose suggestions have been 
most constructive and valuable. 

I can only hint at the thanks due my wife, whose assistance in the 
checking, correcting, writing and rewriting of the manuscript has 
truly made this book possible. 


E.T. 
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CHAPTER I 


The Subject Matter of Physiology 


Have you ever asked yourself, “What goes on inside me” or “Why am 
1 hungry” or “Why can’t I hold my breath over long periods”? If you 
have, your curiosity is much the same as that which, over the centuries, 
has prompted men to delve into the mysteries of the body’s functions. 
Until the 18th century, however, little satisfaction of this curiosity was 
possible. Scientific progress in general was retarded by the reverent 
acceptance of precepts handed down by ancient authorities. And the 
scientific method of investigation itself, based on observation of natural 
phenomena and deductions therefrom was considered blasphemous, 
and its advocates were subject to bitter persecution. 

For about two hundred and fifty years, and especially during the 
last hundred years, the attitude towards science and attitudes within 
science itself have been liberalized. With their newly -found social 
security, all sciences, including the science of physiology, have made 
tremendous advances. Today, then, much of the veil of mystery that 
had for so long obscured the workings of the body has been lifted. 
Although it is true that many questions still remain unanswered, and 
others have not yet even been asked, it is possible to arrange and inter- 
pret facts that have been accumulated in a fashion that enables us to 
understand many of the things that make us “tick.” 

The science of biology involves the organized study of all living 
things. It is made up of a number of daughter-sciences, each of which 
covers a smaller section of the large field. For example, anatomy is con- 
cerned with the structure of living things; embryology, with their devel 
opment from egg to adult. Physiology has as its purpose the observa- 
tion of the activities of living things and their parts, and — more impor- 
tant — the explanation of how these activities occur. 

Thus, the physiologist must not be satisfied to discover only that a 
certain activity occurs or is useful to an organism; he must probe more 
deeply and endeavor to bring to light the mechanism behind the activ- 
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ity. Some may question the importance of the latter aspect of- the 
physiologist’s job. But when we stop to consider that a prime objective 
of physiology is the eventual understanding of the body, an under- 
standing that will enable us to prevent or correct flaws in its operation, 
we can dismiss such an objection. 

A physiologist would not be doing his job well if, for instance, he 
reported that we are able to see because we have eyes; he must investi- 
gate how the structures in the eyeball, their nervous connections, and 
that section of the brain responsible for vision translate light rays into 
a meaningful image. Only when enough of this knowledge has been 
obtained can we correct or prevent disturbances of vision. In some 
cases we can do this now. Eventually it may even be possible to learn 
how we can improve vision. 

The ultimate aim of the physiologist is to uncover the orderly proc- 
esses which enable men to live and adapt themselves to their environ- 
ment. It is necessary, therefore, for him to experiment with living 
things in most cases. Since it is true that in a great many instances 
experiments on human beings are not feasible or are too dangerous, 
experiments on dogs, cats, guinea pigs, rabbits, rats, and other animals 
have been substituted. We owe an eternal debt of gratitude to these 
humble creatures. Many of our medical treatments have been possible 
only because of preliminary experimentation on animals. While using 
these animals, the physiologist is careful not to cause them pain. The 
use of anesthetics, which eliminate consciousness of pain but allow 
most other life processes to proceed, makes this possible. 

Of course, the physiologist must always keep in mind the possible 
application to man of his discoveries in lower animals. The ever- 
increasing number of such applications completely justifies this use of 
animals. For example, in the past medical men had observed cretinous 
children (children who we now know are suffering from decreased 
activity of the thyroid gland) but could do nothing to alleviate their 
condition if iodine feeding proved ineffective. About the turn of this 
century, however, it was found that if the thyroid gland were removed 
from a young dog the animal would develop symptoms quite similar 
to those of the cretin. In following up these experiments other scien- 
tists discovered that feeding thyroid gland or an extract from the gland 
to such a dog relieved the symptoms and allowed normal development. 
When the same treatment was subsequently applied to cretinous chil- 
dren a similar cure was effected. 

It is well to keep in mind, however, that not every physiological 
study, or other scientific study, can become immediately useful in a 
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practical sense. There is often a considerable lag between discovery and 
application for use. Furthermore, many apparently isolated or imprac- 
tical scientific facts may be correlated in such a way as to attain prac- 
ticality or may point the way to other studies of tremendous impor- 
tance. We can be confident that in the long run most scientific knowl- 
edge will prove as valuable as it has in the past. 

Another point to recognize is that physiologists believe all the 
phenomena of life can eventually be explained in terms of physical and 
chemical processes. This belief may never come to pass for every mani- 
festation of life, but recent events have indicated that such a belief 
furnishes a better working hypothesis than the theory that life and 
its processes are “vital” phenomena whose ultimate foundations are 
beyond the scope of man’s understanding. 

THE BODY AS A WHOLE 

Man, like a machine, needs energy in order to act; he needs energy 
in order to live, since life always implies action of one sort or another. 
The energy displayed in various activities of the body is of different 
kinds — mechanical (as in muscular contraction), electrical (as in 
nervous impulses), chemical (as in the digestion of food) and heat 
(as a by-product of various chemical reactions). What is the source 
of these energies? 

Ultimately all forms of and all of the body’s energy can be traced 
to the “burning” of various substances within the body in the presence 
of oxygen. This burning is similar in some respects to the burning of 
wood, oil, or coal in which, as you may know, the combination of 
any one of these fuels with the oxygen of the air is required, This 
chemical combination of another substance with oxygen is known as 
oxidation . 

The substances that the body oxidizes are the breakdown products 
of the food ingested. Cells must be provided with nourishment and 
oxygen. We all realize that living in our complex society involves more 
than merely eating or breathing. Nevertheless it is true (and perhaps 
So obvious to some people that it is overlooked) that nothing can be 
done unless men’s basic needs are adequately supplied. The object of 
this book is to acquaint you with these needs in terms of what occurs 
in the body, how the various parts work together to produce a healthy 
and physically integrated human being. Let us now take a brief glance 
at the major activities of the body, remembering that we shall cover 
the same ground more thoroughly in succeeding;, chapters. For ready 
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reference, Fig. i shows an outline of the body with important internal 
organs exposed and labeled. 

THE SYSTEMS OF THE BODY 

All living things are composed of microscopic compartments, cells , 
which serve as the units of both structure and function. Cells of like 
nature grouped together for a common purpose form tissues (muscu- 
lar, nervous, etc.); various tissues may be gathered into a larger struc- 
tural unit, an organ, which has a specific function (stomach, eye, 
kidney, etc.); organs whose combined functions fulfill larger needs 
compose a system (circulatory, digestive, excretory, etc.); and, finally, 
the unified collection of all these parts is the organism (man, dog, fish, 
tree, fly, etc.). All organisms that are many-celled carry on their 
numerous activities by the principle of division of labor, certain of 
their parts being specialized for particular uses. 

The digestive system. The food we eat is generally too complex to 
be immediately available to the cells of the body. As we saw, the fuels 
of the body are the breakdown products of the food eaten. The func- 
tion of the digestive system is, therefore, to convert complex food to 
smaller, chemically simpler substances. When food is swallowed, it 
passes from the mouth into the pharynx and then into the esophagus 
or gullet, a muscular tube which transports it to the stomach. In the 
stomach food is churned, broken into smaller particles, and mixed with 
digestive juices which begin its conversion to simpler substances. The 
semiliquid, partially digested food is pushed into the small intestine, 
a long, very much coiled tube in which its digestion is finally com- 
pleted by the action of other digestive juices. The simple products 
thus produced pass from the cavity of the intestine into the blood 
stream. From the small intestine the undigested, still somewhat fluid 
residue proceeds to the large intestine where water is absorbed from it. 
Now in a more solid form it is propelled into the rectum for tem- 
porary storage until excreted through the anus. 

The organs mentioned above are all parts of the digestive tract or 
alimentary canal, which is fundamentally one long tube from mouth 
to anus. Other organs — the salivary glands, liver and pancreas — are 
included in the digestive system, although not anatomical parts of the 
digestive tract, because they contribute digestive secretions important 
in aiding the conversion of food to usable materials. 

The circulatory system. The simple products of digestion which 
pass out of the small intestine into the blood stream must be conveyed 
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to cells all over the body. This is accomplished by the various parts 
of the circulatory system. We may think of it as a closed system of 
tubes into which a pump is sealed. Leading from the heart are large 
blood vessels, arteries, which progressively subdivide into smaller and 
smaller vessels. The smallest of these, microscopic in size, are the 
capillaries. Capillaries, much as streams uniting to form rivers, join with 
one another to form larger vessels which in turn unite with others of 
their size. The vessels resulting from these unions are the veins which 
lead back toward the heart. The heart is continually pumping blood 
around this circuit, arteries to capillaries to veins and back to the 
heart. But how do the nutrient materials travelling within this closed 
system reach the body Cells? From the capillaries these materials to- 
gether with water “leak out.” This watery solution is called tissue fluid 
because it bathes most of the tissue cells in the body. From this fluid, 
nutrient materials enter the Cell. Some tissue fluid returns directly to 
the blood through' the capillary walls while the rest filters into other 
small tubes, the lymph vessels . These merge with one another, larger 
and larger vessels being formed, and the largest empty into veins. 
The lymphatic system is, then, an accessory part of the circulatory 
system. 

The respiratory system. Now the cells have received the nutrients 
they need. But they also require oxygen to change some of these 
nutrients into a form in which they can release life-giving energy. Air, 
including oxygen, is sucked into the pharynx through either the nasal 
(nose) or oral (mouth) cavity and from there into the trachea or 
“windpipe.” The trachea subdivides into two tubes, the bronchi, each 
supplying one lung. Air passes down these tubes and through their 
branching passageways until it reaches tiny air-sacs in the lung tissue 
which are the termini of the smallest bronchial subdivisions. Oxygen 
in the air-sacs diffuses through their thin walls and those of adjacent 
capillaries into the blood, while carbon dioxide in the blood diffuses 
into the air-sacs. Once in the blood, oxygen combines with the 
hemoglobin (the pigment that colors blood red) of the red blood cells 
and is carried to all parts of the body. In the capillaries of the body 
tissues oxygen is released by the hemoglobin, passes into the tissue 
fluid and from there into the cells. 

What is the mechanism of inspiration (breathing in)? In order 
that air may be sucked into the lungs, the chest cavity must be ex- 
panded. This is accomplished by the contraction and consequent fall 
of the diaphragm (a muscular partition between the chest and abdomi- 
nal cavities) and the upward and outward movement of the ribs. The 
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lungs then expand and air is sucked in. Expiration (breathing out) is 
generally a passive process, the relaxation o£ the diaphragm and the 
muscles which caused the rib movements decreasing the volume of the 
chest cavity and the lungs partially deflating because of their own 
elasticity. 

The excretory system. With cells in possession o£ both simple 
nutrients and oxygen, oxidations occur. There are also many other 
kinds of chemical reactions that occur in cells, either simultaneously 
with oxidation or in the absence of oxygen. The energy released by 
all the reactions is used for many purposes. Part of the energy is used 
In furthering the chemical work of the cell. In general two types of 
chemical reactions are proceeding in all cells. One type involves the 
splitting of large, complex substances to smaller, simple ones. This 
type (of which oxidation itself is an example) is responsible for the 
energy produced by cells. The second kind is the building up of com- 
plex from simple substances and is the basis for the growth or repair 
of tissues. Now, not all of the simpler substances produced by splitting 
reactions are useful to or usable by cells, nor, even if they are valuable, 
may they be produced in excess of cellular demands. Such waste prod- 
ucts, if allowed to accumulate, would impair efficiency or actually harm 
the body. Most of them diffuse out of the cells in which they are pro- 
duced into the tissue fluid and then into the blood. The greater part 
of them, together with water, are filtered from the blood as it passes 
through the \idneys. These wastes in watery solution, after pursuing 
a tortuous trail through the kidney tubules, make up the urine which 
is transported from the kidney in the tubular ureter to the urinary 
bladder. After temporary storage in the bladder, urine exits from the 
body by way of another tube, the urethra. 

The renal (kidney) system is the main excretory pathway, but some 
wastes leave the body by different routes. The lungs, for instance, may 
be said to excrete carbon dioxide and water (as vapor) in the expired 
air. The sweat glands in the skin also aid in the excretion of water 
and salts. 

Muscles and glands. These are the organs which do most of the 
obvious work of the body, moving parts of the body and secreting 
essential chemical substances which perform certain necessary func- 
tions. The contraction or shortening of muscles is responsible for the 
movements of our legs, arms, trunk, jaws, etc. Such muscles are at- 
tached to parts of the skeleton and bring about movement by pulling 
a bone into a new position. This kind of muscle is capable of very 
rapid action. There are other slower-acting muscles which provide for 
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movements of our internal organs. These include heart muscle, muscle 
in the walls of the digestive tract and in the walls of various tubular 
structures, such as blood vessels, glandular ducts, bronchi, the ureter, 
etc. In general these muscles bring about the constriction or dilation 
of some passageway. Thus they influence such processes as the flow 
of blood to an organ, flow of air into the lungs and passage of food 
through the alimentary canal. 

In the course of muscular activity heat is produced. Not all the 
energy produced during muscular activity and recovery is converted 
into useful work; in fact, the greater portion is given off as heat. In 
a machine this might be pure waste. In the body it is extremely useful 
in maintaining the body temperature. 

The glands of the body are the chemical work shops that manufac- 
ture certain substances essential for the proper functioning of the vari- 
ous organs and for their activities. We have already mentioned the 
large digestive glands. Smaller glands in the walls of the stomach and 
small intestine secrete other digestive juices which help to break down 
the ingested food. Mucous glands secrete mucus which lubricates the 
linings of many cavities and organs. 

Thus far we have become acquainted with some major activities 
of organs more directly concerned with the maintenance of vital energy. 
If the other organs and systems are not concerned directly with energy 
production, what are their roles in the bodily economy? They are fully 
as important for life as those already discussed. As we shall see, any 
one system is intimately interrelated with and dependent upon all 
other systems. The body is a unified whole and isolating its various 
divisions is an aid to investigation and discussion of its specific activi- 
ties. If we think of the organs of the above systems as the machinery 
by which various activities are carried out, then the nervous and endo- 
crine systems can be considered as the engineers who direct the activi- 
ties of the machines— -stop them, start them, decide which are to be 
called into activity and at what rate they are to work. 

The nervous system and the sense organs. By means of its ramifi- 
cations the nervous system extends into every part of the body. It can 
be divided roughly into two sections, the central nervous system com- 
prising the brain and spinal cord and the peripheral (away from the 
center) nervous ryr^m consisting of the nerves which radiate from the 
brain and spinal cord to outlying parts of the body. Nerves consist of 
bundles of fibers along which messages, the nerve impulses, are flashed 
to and from the central nervous system. Many of the nerve fibers leav- 
ing the central nervous system end in skeletal muscles and relay im- 
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pulses to them which cause them to contract. Other fibers extend to 
muscle in internal organs and to some glands. Impulses in these fibers 
can initiate or inhibit, accelerate or retard muscular and glandular 
activities in these regions. 

Still other nerve fibers conduct impulses into the central nervous 
system from various sense organs or receptors. These latter are struc- 
tures especially sensitive to certain changes in the environment. We 
possess receptors for light rays, sound waves, the odor or taste of 
chemicals, for touch, pressure, pain, heat, cold, and a number of other 
kinds of sensations. These sense organs may be located not only on 
Or near the surface of the body but also in the internal organs and in 
muscles, tendons, and joints. When impulses travel from a receptor 
to the central nervous system, their information is interpreted in one 
or more centers; if action is the necessary response, a center relays 
impulses over outgoing nerve fibers and muscles or glands are stimu- 
lated to perform the action. This procedure is the basis of all nervous 
function and is called reflex action. 

The brain is the seat of the highest nervous functions. Here, in its 
highest levels, the nervous processes give rise to learning, memory, and 
ideation; here, too, are the centers for the emotions. With respect to 
these functions and the nervous influence upon other systems, we can 
agree that coordination and integration are the prime functions of the 
nervous system — the control of other organs in such a way as to insure 
their harmonious cooperation and the welding of all organs and activi- 
ties into a unified whole, the organism. 

The nervous system, then, is responsible in large measure for the 
close interrelation of organs and systems which is so essential for the 
proper distribution and control of energy. 

The endocrine system. This is more a convenient way of grouping 
certain glands than a system in the sense of those already discussed. 
We have seen that certain glands (the liver, for example) discharge 
their secretions through ducts. The endocrine glands or glands of in- 
ternal secretion have no ducts and discharge their secretions into the 
blood stream. This makes for wide distribution of these secretions 
or hormones and enables them to control activities and regions far 
from their site of production. In general, the endocrine glands, by 
means of their hormones, coordinate and control bodily activities at 
a much slower rate than the nervous system. While nervous activity 
adapts the body to rapid changes in its environment, these glands pro- 
mote long-term adjustments. 

Some glands secrete more than one hormone. All of them are more 
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or less interrelated, affecting and being affected by the activities oh one 
another. Chief among them is the “master” or pituitary gland whose 
hormones control, among other things, growth and the secretions of 
most of the other endocrine organs. The thyroid gland controls the 
rate of oxidation in all cells of the body. The parathyroid glands regu- 
late the amount of “active” calcium in the blood. The adrenal glands 
regulate the amount of other important minerals in the blood. The 
endocrine portion of the pancreas, the pituitary, adrenal, and thyroid 
glands, all contribute to the control of the amount of sugar oxidized 
or stored in the body. The sex glands or gonads, although endocrine 
structures, will be considered as part of the reproductive system. 

Either hyperfunction (increased secretion of hormone) or hypo- 
function (decreased secretion) of any endocrine gland may lead to 
serious disturbances and, in some cases, death. For example, hypo- 
function of the pancreas brings on sugar diabetes; hypo- or hyper- 
function of the thyroid gland may result in different types of goiter. 

The reproductive system. While the other systems of the body are 
exclusively concerned with the preservation of life in the individual, 
this system is responsible also for the perpetuation of the species. 
Hormones of the pituitary gland are believed to bring on puberty by 
controlling the growth of the sex glands and the reproductive cells. 
The sperm cells of the male are produced in the testes, the egg cells 
of the female in the ovaries . When, following copulation, a sperm cell 
unites with an egg cell, the fertilized egg cell resulting is the first stage 
in the life of a new individual. 

Once puberty is reached, the hormones of the gonads (testes or 
ovaries) determine the secondary sex characteristics (distribution of 
hair, pitch of the voice, etc.). Regulation of sexual phenomena in the 
sexually mature man or woman is a function of both pituitary and 
gonadal hormones. This is especially true of women in whom these 
two sets of hormones control the sequence of events in the menstrual 
cycle and during pregnancy. 



CHAPTER II 


Living Matter 


Perhaps sixty million years ago life first appeared on earth. However 
it began — and nobody knows bow it did — we may assume that the 
first living thing was a speck of matter of somewhat jelly-like con- 
sistency, having different properties from the non-living material about 
it. From this tiny blob and its offspring have evolved the multitude 
of plants and animals that either have populated or now populate the 
earth. Man was a late arrival, his earliest traces indicating that he has 
existed for only some five hundred thousand years. 

THE CELL 

Living things have an organized structure upon which their func- 
tions depend. To understand function or physiology we must know 



something of structure or anatomy. We have already noted that all 
animals and plants are composed of microscopic compartments, cells, 
which serve as the units of both structure and function. 
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LIVING MATTER 


The substance of which cells are composed is called protoplasm 
(“first form”). The protoplasm of all cells (except that of bacteria and 
certain other lowly plants) is differentiated into a number of parts. 
Common to all at some time during their life cycle are a nucleus, 
cytoplasm (protoplasm minus the nucleus), and a cell membrane 
bounding the cytoplasm. Note (Fig. 2) that plant cells can generally 
be distinguished from animal by a thick cell wall of cellulose and the 
inclusion within the cytoplasm of chloroplasts which contain the green 
pigment, chlorophyll. 

The cell wall of plant cells gives them a certain amount of rigidity 
and enables plants to retain a definite shape. Chlorophyll, as we shall 
note below, is essential for the manufacture of sugar by plant cells. 
This latter property is peculiar to plants. Animals must eat plant 
material to furnish themselves with this essential fuel substance. 


THE PROPERTIES OF LIVING MATTER 

Protoplasm is unique in that it possesses a certain group of proper- 
ties with which no combination of non-living substances is endowed, 



cell membrane 

Pood vacuole 

nucleus 

cytoplasm 
contractile vacuole 

pseud opod 


To determine the essential differences, let us observe the activities of 
a simple animal, Amoeba. If we place a drop of pond water on a glass 
slide and focus the lenses of a microscope on it, we can soon see q 
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granular, one-celled animal (see Fig. 3). What distinguishes this bit 
of life from its non-living environment? 

First of all. Amoeba moves (see Fig. 4). One part of its cell mem- 
brane bulges out and its granular cytoplasm flows into the bulge. The 
extension so formed is known as a “false foot” or pseudopod. (We 
shall meet with amoeboid movement again as the type of locomotion 
peculiar to certain white blood cells.) We can illustrate in a number 
of ways that Amoeba’s movements are not aimless, but are reactions to 



Fig. 4— Successive stages in the movement of Amoeba. 


stimuli or changes in the environment. If we put a droplet of some 
harmful chemical in the water, Amoeba moves away from it; if we 
place food for Amoeba, some plant cells or a droplet of plant cell ex- 
tract, in the water, Amoeba works its way toward this more pleasant 
disturbance; if we poke Amoeba with a fine glass rod, it flees the rod. 
Thus, Amoeba is able to respond to a stimulus, possesses irritability 
in other words, and can adapt itself to its ever-changing surroundings. 

On further observation Amoeba can be seen to “eat” plant cells or 
other kinds of one-celled animals (see Fig. 5). Note that it encircles 
the food particle with pseudopods and that a little clear space separates 
the particle from the surrounding cytoplasm. The little globule of fluid 
containing the food particle is a food or digestive vacuole. While 



Fig. 5— -Amoeba “eats” another one-celled animal. 

Amoeba pursues its search for more food, within the food vacuole the 
outline of the particle becomes less and less distinct as it disintegrates. 
Digestion is occurring. Meanwhile the food vacuole drifts through the 
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cytoplasm, digested substances diffusing out to the various parts o£> the 
cell. In other words, Amoeba gradually absorbs the products of diges- 
tion. Later, the vacuole reaches the surface of Amoeba, the cell mem- 
brane opens and the undigested residue is left in Amoeba’s wake. 

Amoeba, even as man, needs energy for its activities and depends 
upon oxidative processes to produce energy. It must, therefore, respire 
— take in oxygen and give off carbon dioxide. We cannot see this hap- 
pen, but we can show that Amoeba will die if not enough oxygen or if 
too much carbon dioxide is present. 

As Amoeba continues to feed, it grows. We can establish this by 
measuring its dimensions from time to time. The digested food sutT- 
stances are transformed into new living matter. 

We know that one portion of the fuel is broken down to supply 
energy for growth and activity and that waste products are formed in 
these reactions. Water diffuses into Amoeba in greater quantities than 
can be used. How are the waste products and excess water removed? 
Note the spherical, clear structure in the cytoplasm. This is the contrac- 
tile vacuole into which substances appear to diffuse in jerks. If we 
watch it, it is seen to pulsate, swell larger with each pulse, and then 
suddenly disappear as it reaches the surface and explodes its contents 
into the water surrounding Amoeba. This is the excretory “system” by 
which water and dissolved waste products are ejected. 

Finally, when Amoeba has grown considerably, a series of events 
occur which culminate in it* splitting into two daughter cells. During 
this process complicated changes take place in the nucleus and the 
nuclear material divides into two equal portions which move to oppo- 
site poles of the cell. When this has been completed, the cytoplasm 
also halves. The two Amoebas formed are perfect likenesses of their 
parent, fully capable of carrying on the life processes of Amoebas. 
Thus Amoeba reproduces, by a method common to most cells capable 
of reproducing. 

We have become acquainted with many properties by which we 
distinguish living from non-living matter. The most characteristic of 
all, however, we have not as yet mentioned by name. This is the ability 
to break down ingested substances into simpler materials and energy 
plus the ability to construct from these simpler materials new, com- 
plex substances which constitute protoplasm. Amoeba, and all living 
things, can metabolize in this manner. All living things are capable of 
metabolism, ingestion, digestion, absorption, respiration, excretion, 
adaptation, growth, and reproduction. Of these metabolism is the most 
distinctive property and the base from which the others stem. 
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THE CONSTITUENTS OF LIVING MATTER 

Scientific knowledge is constantly increasing; in fact, it is accumulat- 
ing at an accelerating tempo. This increase in information steadily 
accentuates the interdependence and interconnections between indi- 
vidual sciences. It is not surprising, then, that the physiologist must 
draw upon the data and tools of many sciences, biological and physical. 
Physiology is dependent upon anatomy and other biological sciences. 
The last fifty years have shown how much it also depends on chemistry 
and physics for explanations of the chemical changes and physical 
phenomena in terms of which we eventually hope to be able to under- 
stand all of the body’s activities. 

For the moment, let us focus upon the chemistry of the cell. But 
to understand it, we must first become acquainted with some basic 
chemical concepts. 

SOME CHEMICAL DEFINITIONS 

Chemistry is the science that describes the composition of sub- 
stances, their properties and transformations. The chemical constitu- 
ents of protoplasm are intermingled in a very complex manner. Most 
of the non-living things we see about us are also mixtures — but simpler 
ones. Table salt in water, for example, is a simple mixture of salt 
and water. 

Salt can be broken down to sodium and chlorine, water to hydro- 
gen and oxygen. Sodium, chlorine, hydrogen, and oxygen are elements 
— the simplest chemical substances which cannot be further broken 
down without losing their chemical identity. But elements can com- 
bine with one another. And the chemical combination of two or more 
elements is a compound. Pure salt and pure water, then, are com- 
pounds. 

The smallest particle of an element that retains the chemical iden- 
tity of the element is an atom. Hydrogen atoms differ characteristically 
from oxygen atoms, oxygen from sodium, etc. Rather than write out 
words like hydrogen and oxygen, chemists use symbols — oxygen is O, 
hydrogen, H. Some atomic symbols are taken from the Latin names 
for elements. Sodium, natrium in Latin, is represented by Na, for 
example. 

Much as elements consist of atoms, compounds consist of molecules 
— the smallest particle of a compound which retains its chemical indi- 
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viduality. Thus, when one atom of sodium (Na) and one atom of 
chlorine (Cl) unite, one molecule of sodium chloride (NaCl) is formed. 
The molecular formula of water is H 2 0 ; the union of two atoms of 
hydrogen with one of oxygen. Some molecules represent the synthesis 
of many atoms; a molecule of cane sugar is composed of 12 carbon 
(C), 22 hydrogen (H), and 12 Oxygen (O) atoms and has the form- 
ula, CjgHggO-Q. 

To indicate interactions between molecules or atoms, another 
shorthand device is used. Thus the reaction of an atom of sodium with 
an atom of chlorine to form sodium chloride is written: 

Na — (— Cl — > NaCl 

A more complex example is the formation of glucose (dextrose) from 
water and carbon dioxide, a reaction which goes on in green plants 
under the influence of sunlight and chlorophyll: 

6 H 2 0 + 6 C 0 2 -» C 0 H 12 O c + 60 2 
Note that in these equations there are the same number of atoms on 
each side of the arrows. 

THE COMPOSITION OF PROTOPLASM 

Of the ninety-odd elements known, protoplasm consists of some of 
the more common ones. It is mainly carbon, hydrogen, and oxygen. 
Nitrogen, phosphorus, sodium, potassium, chlorine, calcium, iron, mag- 
nesium, and sulphur are present in much smaller amounts. The unique 
characteristics of protoplasm cannot be attributed to the presence of 
strange elements but must be due, instead, to the complexity of ar- 
rangement and combination of these more abundant elements. 

The multitude of compounds and mixtures composing protoplasm 
may vary quite markedly in different cells of the same organism or 
in cells of different organisms, but water and certain basic types of 
compounds are common to the protoplasm of all cells. These types are 
carbohydrates, fats, proteins, inorganic salts, and enzymes. 

Water. This most common of all liquids constitutes 60 to 99 per 
cent of all kinds of protoplasm. The adult human body is about 60 to 
65 per cent water. Blood, lymph, digestive juices, urine, sweat, and 
tears are aqueous fluids. All embryos develop in a watery environment. 
The central nervous system reposes in a watery cushion. Sound and 
light waves are transmitted to auditory and visual receptors through 
an aqueous fluid. These are a few of the specialized functions of water 
in our bodies. Its importance does not end with these, however, but 



LIVING MATTER 17 

is accentuated when we consider its more fundamentally significant 
properties. 

Water is the most universal solvent known; that is, it is capable of 
dissolving more solids, gases, and liquids than any other known sub- 
stance. This is of great importance in the body and in industry because 
substances in solution have become separated into small particles, fre- 
quently of atomic or molecular dimensions. Since chemical reactions 
proceed more quickly and more easily when the reacting substances 
are in as finely divided a state as possible, the solvent power of water 
enables the chemical reactions so necessary for metabolism and life 
itself to take place with great facility. 

Certain substances upon dissolving in water give rise to another kind 
of particles, ions. Ions are electrically charged atoms or groups of 
atoms. The charge on the ion is negative in some cases, positive in 
others. Thus, sodium chloride in water dissociates or ionizes (see Fig. 
6) as follows: 

NaCl -» Na+ -f Cl“ 

Ions are important for two reasons. Firstly, ions are more reactive 
chemically (combine with other chemical entities more readily) than 
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Fig. 6 — A diagrammatic representation of the ionization of sodium chloride 
molecules in water. The sodium (-+-) and chlorine ( — ) parts of the molecule 
separate and become ions when they enter the water. 

molecules or atoms, which are electrically neutral. Since water pro- 
motes ionization, it is an extremely good medium for the consumma- 
tion of chemical reactions. 
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In the second place, ion-containing solutions can conduct electric 
currents. If, from the negative and positive poles of a battery, wires 
are led to electrodes (conductors of electricity, e.g. metal rods) placed 
in a non-ionized fluid (such as a solution of sugar in water), no current 
flows between the electrodes. If in the same set-up a salt solution re- 
places the other fluid, current will flow. Since unlike charges attract and 
like charges repel one another, the positive sodium ions migrate to the 
negative electrode and the negative chloride ions to the positive one 
(see Fig. 7 ). 




Fig. 7 — Conduction of an electric current by fluids. In A, no ions are present, 
the electrical circuit is not complete, no current flows, and the bulb is not 
lit. In B, the moving ions conduct an electrical current, the circuit is com- 
pleted and the bulb is lit. 

Any substance which ionizes in water is called an electrolyte. There 
are three classes of electrolytes. Acids yield positively charged hydro- 
gen ions (which give them their sour taste) upon ionization. Thus 
hydrochloric acid, HC1, ionizes as follows: 

HC1 H + + Cl- 

Bases or alkalis yield negatively charged hydroxyl ions, as in the case 
of sodium hydroxide, NaOH: 

NaOH -» Na + -f OH~ 

Salts are neutralization products of acid and base interaction. Hydro- 
chloric acid combining with sodium hydroxide gives rise to sodium 
chloride and water: 

HC1 + NaOH NaCl -f H.O 

When dissolved in water, salts yield neither hydrogen nor hydroxyl 
ions as shown in the ionization of sodium chloride above. Some sub- 
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stances' give rise to both hydrogen and hydroxyl ions when they ionize; 
water itself ionizes slightly to fall into this category: 

H 2 0 H + + OH- 

The importance c£ electrolytes in the body will be demonstrated 
more and more as we proceed. 

Inorganic salts. Chemists refer to compounds containing carbon as 
organic compounds; all others are inorganic compounds. Originally 
“organic” applied to compounds found only in living things as opposed 
to the inorganic compounds of the non-living world. But chemists 
found it possible to manufacture “organic” compounds in the labora- 
tory, and thus invalidated the belief that such substances could be 
formed only in living matter itself. For this reason the current distinc- 
tion is made. 

Sodium chloride, potassium chloride, calcium chloride, and other 
rather common inorganic salts are extremely important constituents 
of cellular protoplasm and of the body fluids. In our blood, for example, 
they are found in proportions much like those occurring in sea water. 
Since living things flourished and evolved in the seas for millions of 
years before venturing a terrestrial life, it is perhaps not so surprising 
that we retain this trace of our primitive ancestral environment. 

Salts exert a deep-rooted influence upon physiological processes. In 
some instances salts as a group aid in determining the course of cell 
activities. By action upon the cell membrane they help to determine 
how substances enter or leave cells and which substances enter or leave. 
In other instances, the positive ions of certain salts have highly specific 
effects upon bodily activities. Calcium ion (Ca ++ ), for example, is 
essential for the coagulation of blood and also for the coagulation of 
milk which precedes its digestion. 

Carbohydrates. These are a group of organic or carbon-containing 
constituents of protoplasm. Because of their particular chemical char- 
acteristics, carbon atoms are capable of combining with themselves 
and other kinds of atoms in innumerable patterns. There are more 
carbon compounds than all other kinds of compounds because of the 
great combining power of carbon atoms. 

Carbohydrates are primarily fuel substances and are used only to a 
minor degree as structural components of protoplasm. Carbohydrates 
are composed of carbon, hydrogen, and oxygen, with two hydrogen 
atoms to every oxygen atom in their molecules. Simple sugars have the 
molecular formula, C c H 12 0 6 . Of these, glucose or dextrose is most im- 
portant since it is always present in blood and is the most widely 



20 


LIVING MATTER 


used and readily available fuel substance of the body. Double" sugars , 
Ci 2 H 22 0n, are formed by the chemical combination of two molecules 
of simple sugar with the loss of one molecule of water: 

C 0 H 12 O e + C c H 12 O 0 -> C 12 H 22 O n + H a O 

Sucrose or cane sugar is a familiar example of this class. When a 
number of simple sugar molecules, each having lost a molecule of 
water, are linked in a chain, a compound sugar results. This has the 
formula (C c H 10 O s ) n , where n represents an unknown number. Starch, 
the stored carbohydrate of plants, is such a sugar, as is glycogen or 
“animal starch.” The latter is stored in liver and muscle, ready for its 
speedy conversion to glucose when there is a cellular demand for fuel. 

Fats. These, too, serve as fuel substances, but are generally called 
upon only after the exhaustion of carbohydrate reserves. In a well- 
nourished organism we can find fat “depots” in various parts of the 
body. Pads of fat act as protective cushions for some organs and aid 
in producing a likable or unpleasing contour of the body. 

True fats consist of carbon, hydrogen, and oxygen, but have propor- 
tionately less oxygen than carbohydrates (one typical fat, tristearin, has 
the formula C g7 H 110 O G ). When broken down into smaller molecules, 
these fats are found to be made up of only glycerol (an Organic base) 
and fatty acids (some special organic acids). Other compounds, the 
fat-li\e substances, include in their molecules other compounds as well 
as glycerol and fatty acids. Fat-like substances are especially important 
as components of the framework of cell membranes and certain other 
structures. 

Proteins. Of the three large classes of organic compounds, the pro- 
teins are most characteristic of living things. Their molecules are ex- 
tremely large and complex, even when compared with those of com- 
pound sugars. On chemical analysis these molecules are found to 
consist of carbon, hydrogen, oxygen, and other atoms. Of the latter, 
nitrogen atoms are invariably present. Protein molecules consist of 
long chains of ammo acids, which are simple fatty acids plus a nitrogen- 
containing group of atoms. Ingested proteins are eventually reduced 
to amino acids during digestion and new protein molecules are formed 
from them in the cells. 

Cells of different tissues in one individual or of the same tissue in 
different individuals and, especially, in different species, are generally 
distinct from all others. This specificity of cells is a property of their 
proteins which constitute the greater part of their structure. The great 
variety of proteins existing cannot be solely due to the different amino 


LIVING MATTER 


21 


acids in their make-up (there are only twenty-odd amino acids known), 
but can be better accounted for by the numbers and arrangement of 
amino acids within the molecule. Although proteins differ greatly, it 
is true that the more closely animals are related, the more alike are 
their proteins. Thus, dog and wolf proteins would be much more 
similar than dog and human proteins. 

Ordinarily, proteins are not fuel substances. In starvation, however, 
when carbohydrate and fat stores are depleted, proteins are burned. 
When this happens, it indicates that some cells are being destroyed 
to supply energy for maintenance of life in those which remain. 

Enzymes. These are the vital catalysts of the body. Catalysts are 
agents which, though present only in small amounts, speed the rate 
of chemical reactions. Because as much of them remains at the comple- 
tion of a reaction as at its beginning, the same quantity of catalyst may 
be used repeatedly. Enzymes, organic catalysts, are manufactured by 
cells from ingredients received from the blood. They bear many 
chemical resemblances to proteins (a few are actually known to be 
proteins). 

Probably in the great majority of cases, the chemical reactions going 
on in our cells would be impractical and incomplete in the absence of 
catalysts. At body temperature, which is comparatively low when com- 
pared with the temperatures required for the rapid completion of 
many chemical processes, our essential chemical reactions would pro- 
ceed at a slow pace, if at all, if they were not catalyzed. Enzymes, 
because of their acceleration of chemical work at low temperature, are 
the cornerstones of metabolism. 

In general, each enzyme is limited to catalyzing reactions of specific 
substances or specific groups of substances. A great variety are needed, 
then, both within and without the cell. Intracellular enzymes are diffi- 
cult to isolate and, therefore, arc not as well known as extracellular 
ones which are much more easily isolated and studied. We have already 
referred to some of the extracellular enzymes, since they are the active 
principles of the digestive juices. 

HOW SUBSTANCES ENTER AND LEAVE CELLS 

Now that we know something about the composition of protoplasm, 
we can investigate its physical properties and some physical processes 
of great importance to the passage of substances into and out of cells. 
We are especially concerned with the cell membrane, that delicate 
film which separates the body of the cell from its environment. 




Fig. 8 — A possible explanation for sol and gel states may lie in the arrange- 
ment of colloidal particles. Thus, at room temperature ( A ) the particles of 
gelatin (white circles) may be dispersed at random throughout the water 
(black) ; at a cooler temperature ( B ) the gelatin particles may have a definite 
arrangement which imprisons water. In A water is free to move and the fluid 
sol state is found; in B it is not free and the semi-solid gel state is seen. 


visible under the microscope. Colloidal particles are either very large 
molecules or groups o£ molecules lumped together. Because of their 
physical properties, the solutions which they form may exist in several 
different physical states. For example, gelatin in water at room tem- 
perature is in a fluid state (or is a sol), while at a somewhat lower 
temperature it is semi-solid (or is a gel). (See Fig. 8 for a possible 
explanation of this phenomenon.) 

These same states are found in protoplasm. The cytoplasm of the 
cell is generally in a sol state; the cell membrane is probably a gel. 
These two are generally interreversible and the change from one to 
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the* other can be brought about by agents other than temperature 
changes. In the proper salty environment, for instance, a cell which has 
had its membrane partially torn away can be acted upon by the salts 
in such a way that the missing section is re-formed. 

PERMEABILITY OF THE CELL MEMBRANE 

Colloidal particles are electrically charged. This may partially explain 
why cell membranes are semipermeable, i.e., allow only certain sub- 
stances to pass through them (see Fig. 9). Let us take a specific 



Fig. 9 — Permeability of the cell membrane. On the assumption that the cell 
membrane is composed of protein (striped) and fat-like (white) compounds 
arranged in “blocks” separated by varying distances and that it has an elec- 
trically charged outer surface, it is possible to pictorialize its “acceptance” or 
“rejection” of substances. In this instance the positive charge on the mem- 
brane repels positively charged substances (c and d ) ; negatively charged sub- 
stances (a and b) enter and leave the cell with ease. A large protein molecule 
(e) cannot enter through the “pores” of the membrane, but smaller molecules 
(/ and g) can. A fat-soluble molecule (/i) can dissolve in the fat-like part of 
the membrane and ooze into the cell. 

instance. Red blood cells are not permeable to positive ions, but are 
to negative ones. If we assume that their cell membranes consist of 
positively charged colloidal particles, then — since like charges repel 
one another — positive ions would be repelled and not enter the cell. 
Negative ions and uncharged particles could and would enter. How- 
ever, since electrical neutrality within a given region must be main- 
tained (that is, the number of negative charges must equal the number 
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of positive ones), when one negative ion enters a red blood cell, 
another must leave it. 

The above may be the explanation for the impermeability of certain 
cells to positively or negatively charged particles, but it will not explain 
all the phenomena of permeability. It is generally true that large mole- 
cules will not enter cells, while smaller ones do. So, cells are not 
permeable to proteins but are to their breakdown products, amino 
acids. This suggests that cell membranes are porous and that the size 
of their pores determines the size of particles which may pass through 
them. 

However, certain relatively large molecules do penetrate cells and 
other smaller ones do not. In some cases we find that these larger mole- 
cules are more soluble in fat than in water. When we remember that 
fat-like substances contribute to the structure of the membrane, we 
can postulate with some degree of certainty that fat-soluble molecules 
dissolve in the fatty part of the membrane to enter or leave a cell. 

Finally, there are cases in which we do not know how it is that some 
substances penetrate easily, others with difficulty, and still others not 
at all. In such cases it has been customary to say that this indicates 
“vital” activity of the cell. But that is merely a different manner of 
saying that for the present we do not know. 

DIFFUSION 

Diffusion is one of the processes by which particles move into and 
out of cells. All molecules are in continual motion, whether they are 
in the gaseous, liquid, or solid state. These physical states of matter 
merely denote how much freedom of movement molecules have. Mole- 
cules in a lump of sugar do not have much freedom of movement, but, 
when the lump is placed in water, it dissolves and its freed mblecules 
disperse themselves throughout the water (see Fig. to). This move- 
ment of molecules is known as diffusion. It occurs whenever molecules 
are free to move and it involves their passage from a region of greater 
to a region of lesser concentration (number of particles per unit of 
volume). This will continue until the concentration in both regions 
is equal. Should a membrane separate two regions of different concen- 
tration, it will offer no hindrance to diffusion unless it is impermeable 
to the substance concerned. 

Diffusion is an essential transport process in the body. Oxygen dif- 
fuses into blood capillaries from the air-sacs of the lungs, it being of 
greater concentration in the sacs. Carbon dioxide diffuses in the op- 
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poslte direction since its concentration is greater in blood than in the 
air-sacs. All digested materials to which cells are permeable diffuse 
from blood to tissue fluid and then into the cells, while waste products 
of cellular metabolism diffuse in the reverse direction. 



Fig. io — A lump of sugar gradually dissolves in water. Its molecules slowly 
diffuse until, after some time, they are equally dispersed throughout the water. 

Since the pressure within capillaries is greater than that in tissue 
fluid, water and certain dissolved substances in the blood are almost 
continually being forced to diffuse through the capillary walls into 
tissue fluid. Whenever diffusion is set up primarily by a difference of 
pressures on either side of a permeable membrane rather than by con- 
centration differences, the process is called filtration . 

OSMOSIS 

When a semipermeable membrane is interposed between two solu- 
tions of different concentration and at least one substance in solution 
cannot penetrate the membrane, a more complicated mechanism of 
movement is set up. Let us imagine a protein solution (e.g., a solution 
of egg white) on one side of a semipermeable membrane and only 
water on the other side (see Fig. n). The membrane is readily perme- 
able to water but not to protein. After some time has elapsed, we will 
find that the level of the solution has risen and that of the water has 
fallen. Evidently water has passed through the membrane into the 
solution. This movement of water from a region of lesser concentration 
of dissolved substance through a semipermeable membrane to a region 
of greater concentration of dissolved substance is called osmosis. In 
Fig. ix, water will no longer pass from A to B when the height of the 
column of solution exerts enough pressure (due to its weight) to cause 
as much water to filter out of the solution as passes into it by osmosis. 
The difference in height between the two columns represents the 
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osmotic pressure. Osmotic pressure is determined by the number of 
particles that are unable to penetrate a semipermeable membrane. 
Therefore, the greater the concentration of protein, the greater the 
osmotic pressure and the osmotic flow of water. 



Fig. ii — Osmosis. The black dots represent protein particles which cannot 
penetrate the membrane. For full explanation, see text. 

Note that here, as with diffusion, there is movement of molecules 
in that direction which will promote equalization of concentration 
throughout the system and which results in an equilibrium between 
its parts. Equilibrium in this case is dynamic rather than static, for 
when it is attained water will continue to pass in, but at the same rate 
as it passes out. 

If we placed Amoeba in pure water, it could not live. Many of its 
protoplasmic constituents cannot penetrate its membrane, but watei 
can. Therefore, water would pass into the animal until the internal 
pressure on the membrane increased enough to tear it apart. Cells in 
our body would die similarly if only water were present about them. 



CHAPTER III 


The Organization of the Body 


Since knowledge of function does depend on knowledge of structure, 
let us investigate in a general way the parts of the body, their structural 
interrelationships, and their adaptation to their functions. 

THE TISSUES 

Systems are made up of organs, organs of tissues, and tissues of cells. 
A group of like cells (cells of similar structural, chemical, and physi- 
ological properties) constitutes a tissue. Although there are multitudes 
of diverse cells in the body, in their groupings they fall roughly into 
four large divisions — the surface, connective and supporting, con- 
tractile, and conductile tissues. 

SURFACE TISSUE 

Wherever there are free surfaces in the body, “surface” tissue or 
epithelium is found. Since its cells are closely packed together and 
since there is little intercellular material, this tissue prevents large 
particles from passing through it. It serves quite often, then, as a pro- 
tective covering. Its cells may be thin and flat {squamous), cube-shaped 
{cuboidal), or taller than wide {columnar)' they may be found in 
single layers or several layers thick. Thus, the inner lining of blood 
vessels consists of a single layer of squamous cells, the kidney tubules 
are lined with a single layer of cuboidal cells, and the intestines with 
a single layer of columnar cells; while the outer part of the skin con- 
sists of stratified epithelium which contains layers of all three types of 
cells. (See Fig. 12, A-F.) 

Epithelial cells of the three basic types are often modified and can 
perform specialized functions. Single or many-celled glands are 
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epithelial derivatives. Columnar cells may be found with hair-like 
processes or extensions ( cilia ) protruding from their free ends. In the 



Fig. 12 — Surface tissues: A, squamous; B, cuboidal; C, columnar; D, ciliated 
columnar cells; E, stratified epithelium; F, single-celled glands (the clear 
spaces represent the places in the cells where the secretions are stored until 
they are discharged). 

trachea, for instance, the cilia of the columnar lining are continually 
in motion and help to prevent foreign particles in the inspired air 
from getting down into the lungs. 

CONNECTIVE AND SUPPORTING TISSUE 

There are a number of kinds of this tissue characterized by widely 
separated cells embedded in an abundant non-living intercellular ma- 
terial. The latter, the matrix, is produced by the cells and is responsible 
for the connective or supporting function. The various connective and 
supporting tissues can be classified with reference to the type of matrix 
each contains. 

Those with liquid matrix. These are blood and lymph, which will 
be discussed more fully in Chapter IV. 

Those with semiliquid matrix. Loose fibrous connective tissue (see 
Fig. 13 A) is the most widely distributed of the connective and sup- 
porting tissues. It extends into and around almost all the organs of the 
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body. If it were possible to preserve this soft tissue only, as it is dis- 
tributed throughout the body, we should have a practically complete 



reproduction of the body, its external contours, and the position and 
shapes of almost all its internal organs. Note the “white” and “yellow” 
fibers in the matrix which impart strength and elasticity respectively 
to the tissue. 

Adipose or fat tissue may be considered a modified loose connective 
tissue in which the cells assume greater importance. Stored globules 
of oil occupy the greater part of each cell, pushing the nucleus and 
cytoplasm to the periphery of the cell (see Fig. 13 B). Fat tissue is 
found in many regions of the body, but especially under the skin, 
around the kidneys, and in the connective tissue membranes which 
hold the abdominal organs in place. Most fat depots can be called upon 
by the body in time of need, but some are primarily protective in 
nature (as in the eye-socket) and do not serve as fuel stores. 
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Dense fibrous connective tissue has the same elements in its com- 
position as has loose, but they are arranged differently (see Fig. 13 C). 
Here the fibers and cells line up parallel to one another. This structure 
increases the tensile strength of the tissue and orients its elasticity 
along a definite axis. Tendons, which connect muscle to bone, and 
ligaments, which connect bone to bone, are made up of this tough 
connective tissue. 

Those with solid matrix. Cartilage is familiar to most of us as 
gristle. It is a supporting tissue whose function is to withstand pres- 
sure. Its matrix is solid but possesses the same types of fibers as in the 
connective tissues. In some cases, however, the fibers are so fine and so 
tightly packed as to be invisible microscopically unless specially treated 
with chemicals (see Fig. 13 D). Hyaline cartilage (so called because 
of its apparently clear, homogeneous matrix) is found in the nose, 
larynx, trachea, and other places. Elastic cartilage makes up much of 
the ear. Fibrous cartilage is especially prominent in the discs between 
the vertebrae of the spinal column. The cartilage cells are found in 
lacunae (“lakes”) within the matrix. Since cartilage contains no blood 
vessels, its cells are apparently nourished by the diffusion of substances 
from adjacent tissues through the matrix. 

Bone has a structure somewhat resembling that of cartilage (from 
which it develops in many instances). Its cells, too, are found in 
lacunae which are arranged in concentric circles about canals which 
run lengthwise. From the canals, which contain blood vessels, tiny 
canals radiate to the lacunae and others pass between lacunae (see 
Fig. 13 E). By means of these small passageways bone cells receive 
nourishment and get rid of waste materials. The matrix of bone is 
hard and rigid because of its impregnation with the inorganic salts, 
calcium carbonate, and calcium phosphate. Bone makes up the skeleton 
of most adult vertebrates. We may also find osseous tissue outside the 
skeleton, as in the knee cap. 

CONTRACTILE TISSUE 

Contractility is a property of all protoplasm but has developed to 
such an extent in muscular tissue that it is its distinguishing charac- 
teristic. We can recognize three kinds of muscle — skeletal, smooth 
and cardiac. 

Skeletal muscle. This type of muscle — which brings about move- 
ments of our limbs, trunk, eyes, jaws, and face — is also spoken of as 
voluntary muscle since we have conscious control of its activity. It 



THE ORGANIZATION OF THE BODY 


31 


we dissect a leg muscle (see Fig. 14) for instance, we discover that it 
is enclosed in a tough sheath of dense fibrous connective tissue and 
that connective tissue strands extend into the muscle, dividing it into 



bundles of muscle “fibers.” ( Muscle cells are called fibers because they 
are much longer than wide, some attaining a length of as much as 
two inches.) Each muscle fiber includes in its cytoplasm a number of 
fibrils consisting of alternate dark and light bands. These parallel each 
other so that the dark bands fall one beneath the other and the light 
ones likewise. This gives the fiber a cross-striated appearance (see 
Fig. 15 B). Each fiber contains many oval nuclei which may indicate 
that in the embryo many cells unite to form one adult muscie cell. 



Fig. 15 — Contractile tissue: A, smooth muscle fibers; B, skeletal muscle fibers; 

C, cardiac muscle. 

Smooth muscle. The muscle fibers in the digestive tract, in blood 
vessels and various ducts within the body are called “smooth” since 
they exhibit no cross-striations as in skeletal muscle fibers. They are 
also often referred to as involuntary muscle fibers, since we have no 
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conscious control of their activity. Smooth muscle fibers have hut one 
nucleus to a fiber, are spindle-shaped (see Fig. 15 A), and interlace 
into sheets of fibers in contrast to the bundles of skeletal muscle which 
are more like bundles of sticks. 

Cardiac muscle. In many of its properties heart muscle is inter- 
mediate between smooth and skeletal muscle. Its striated appearance is 
similar to that of skeletal muscle, but, like smooth muscle, it cannot 
be voluntarily controlled. It differs from both in the arrangement of 
its fibers. Cardiac muscle does not really consist of independent fibers 
but is rather a syncytium, a network of interconnected cells (see 
Fig. 15 C). We shall consider the import of this in the next chapter. 

CONDUCTILE TISSUE 

All protoplasm is sensitive to stimuli and can respond to them be- 
cause it is able to conduct the excitatory influence to appropriate 
regions. In nerve cells or neurons the ability to conduct is far advanced 
over that in other cells. Structurally, neurons are characterized by a 
cell body consisting of a nucleus and cytoplasm, and by cell processes, 
extensions of the cytoplasm. Neurons are of various sizes and shapes 



Fig. 16 — Contluctile tissue: A, multipolar neuron; B, unipolar neuron; C, bi- 
polar neuron. 

(sec Fig. 16). They can be classified according to the number of pro- 
cesses they possess — one {unipolar), two {bipolar), or more {multi- 
polar). The cell processes are named axons and dendrites. Collections 
of these constitute the nerves, which extend to all parts of the body, 
and the nerve tracts or pathways which run up and down the central 
nervous system (brain and spinal cord). 



THE ORGANIZATION OF THE BODY 


33 


THE STRUCTURE OF THE BODY 

The science which deals with the microscopic characteristics of tis* 
sues, such as we have just seen, is known as microscopic anatomy at 
histology. Now let us examine larger structures which we can see witR 
out such visual aids as the microscope. The science which studies gross 
structures is called gross anatomy. 

THE MORE SUPERFICIAL ORGANS 

The first organ that we encounter is the elastic, semi-transparent 
s\in (see Fig. 17) which covers the entire surface of the body. The 
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Fig. 17 — A cross-section of the skin. 

skin and its modifications and accessory structures such as nails and 
hair act as a protective coating. It is relatively resistant to injury and, 
unless broken, its outermost layer of stratified epithelium serves as an 
effective barrier against bacterial invasion. The skin is continuous with 
the mucous membranes (so called because they contain glands which 
secrete mucus ) which line cavities communicating with the exterior 
(such as the oral, nasal, anal, etc.). There are two zones of the skin, the 
outer epidermis and the inner dermis. The former is protective in 
function, the greater part of its thickness being occupied by dead 
epithelial cells. These are continually being scraped off from surface 
layers and then are replaced by multiplication of living cells below. 
The dermis is an intermingled mass of connective tissue, blood and 
lymph vessels, sweat and sebaceous (oil-producing) glands, and roots 
of hairs. In both zones many sensory nerve-endings are found, either 
free or leading from a particular sense organ. 

Beneath the skin is a layer of connective tissue, including a good 
deal of fat tissue. This connective tissue serves to bind the skin closely 
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to muscles or bone lying below, while the fat acts as insulation. In 
most regions of the body the next organs that come to view are the 
skeletal muscles (see Fig. 77), attached to bone or overlying skin by 
tendons. The skeleton (see Fig. 74) lies beneath the muscles, forming 
the rigid framework of the body. 

THE INTERNAL ORGANS 

The interior of the body is made up of three cavities in which are 
found the viscera or internal organs. 

The cranial cavity. The space within the skull which is filled'’ al- 
most completely by the brain is called the cranial cavity. The skull, the 
membranes surrounding the brain, and the watery cushion enclosed 
within the membranes are normally adequate protection for the brain. 

The thoracic cavity (see Figs. 1, 18, 19). Within the thorax or chest 
is the thoracic cavity, containing the heart and lungs. This cavity is 
enclosed in the bony protective cage formed by the thoracic part of the 
back bone, the ribs, and the breastbone. The cavity is lined by a 
membrane, the pleura, which folds upon itself and also covers the 
lungs. In the center of the cavity, pointing a little to the left, is the heart 
surrounded by a membranous sac, the pericardium. The trachea, a 
muscular tube containing rings of cartilage at intervals, runs down 
from the pharynx through the neck and in the uppermost central por- 
tion of the cavity divides into two bronchi which are structurally similar 
to the trachea, but smaller in diameter. These pass into the lungs and 
break up into smaller and smaller tubes, eventually terminating in the 
air-sacs. Also beginning in the pharynx, and running just dorsal to 
(back of) the trachea is the esophagus which, on its way to the 
stomach, passes through the thoracic cavity behind the heart and in the 
mid-line of the cavity. 

The abdominal cavity (see Figs. 1, 18, 19). Separating the thoracic 
from the abdominal cavity is the diaphragm, a thin membrane of 
skeletal muscle. 

In the abdomen are most of the digestive organs. Lying mainly on 
the right side just beneath the diaphragm is the liver, the largest gland 
in the body (it is red-brown in color). On the left side, opposite the 
liver, the esophagus connects with the somewhat pear-shaped stomach 
which in turn leads into the many-coiled small intestine. The latter 
occupies most of the central’ part of the cavity. At its end the large 
intestine begins. This organ first ascends on the right side of the 
cavity, turns at right angles, crosses to the left side, and descends, 
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enclosing the small intestine on three sides. The large intestine empties 
into the rectum in the lower part of the cavity. At the junction of 
stomach and small intestine and running alongside the latter for a 
short distance is an elongated mass of pinkish-white tissue, the pan- 
creas. From stomach to rectum the digestive tract is unattached ex- 
cept for a thin membrane, the mesentery, which, to some extent, 
anchors it to the back wall of the cavity. On either side of the cavity, 
high in the back, are the bean-shaped kidneys from which the two 
ureters descend to empty into the bladder, a muscular sac capable of 
great distention, located in the lowermost mid-part of the cavity. 
Covering all the organs in the abdominal cavity and lining its walls 
is a membrane similar to the pleura, the peritoneum. 

OTHER ORGANS 

No mention has been made of the many blood and lymph vessels 
and nerves which travel to almost all regions of the body (Figs. 20 and 
84). Something will be said of these later on. The spinal cord lies 
within a cavity in the vertebral or spinal column, protected in the same 
manner as the brain. 

The various glands of the endocrine system (see Fig. 134) are dis- 
tributed widely. The pituitary gland hangs from the under surface of 
the brain. The thyroid gland rests on either side of the larynx, a thin 
strand crossing the mid-line to connect its two lobes. The parathyroids 
are embedded in the thyroid tissue and are quite small. The adrenal 
glands lie atop the kidneys within the large body of fat generally found 
about these organs. The pancreas has already been mentioned. 

The principal reproductive organs (see Fig. 135) in the male, the 
testes, are found in the scrotal sac outside the abdominal cavity. The 
female reproductive organs (Fig. 137) are located within the ab- 
dominal cavity. The ovaries, one on either side, communicate with the 
centrally placed uterus by means of the long oviducts. 



CHAPTER IV 


The Circulatory System 


In one-celled animals, such as Amoeba, the problem of distributing 
foodstuffs and eliminating wastes is simply solved. Once food is in- 
gested and digested, it diffuses to all parts of the cell; waste products 
diffuse out of the cell. In some of the simpler many-celled animal forms 
the problem remains essentially the same — each cell is either on the 
external surface of the animal or borders on a large body cavity which 
communicates with the exterior. Simple diffusion is still an effective 
means of distribution and elimination. But the nature of the solution 
limits the size and complexity of the organism. In larger, more com- 
plex animals many cells are too distant from the food supply to permit 
effective diffusion of nutrients to them. Another system had to evolve, 
and this system is the more familiar arrangement of vessels ramifying 
throughout the body which we recognize as the circulatory system. 
Through these vessels flows the blood which not only transports ma- 
terials to and from cells but, by the process of giving rise to the tissue 
fluid, also determines what the immediate environment of the tissue 
cells is to be. 

THE BLOOD 

The collection of human blood is now a simple procedure. For this 
reason blood is more available to study than other bodily constituents. 
Blood is also more normal in appearance when examined outside the 
body than are other bodily constituents which cannot be pi-eserved as 
easily as blood can. 

Blood in a test tube appears to be a red, thickish fluid of the same 
consistency throughout. When observed under the microscope, how- 
ever, it is seen as a watery fluid containing many cells. The cells are 
distinguished as red blood cells or ivhite blood cells. These cells and 
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some cell fragments, the platelets, are 'collectively spoken of as the 
formed elements. The liquid portion is the plasma. (See Fig. 21) 



Fig. 21 — Whole blood {A) after standing for a few hours will separate into 
two layers — the heavier formed elements and the lighter plasma — as seen in B. 

THE RED BLOOD CELLS 

Number, size, structure. The great majority of the formed elements 
are the red blood cells or erythrocytes. One cubic millimeter (see 
appendix for metric system of measurements) of human blood con- 
tains on the average about 5,500,000 red cells in, men and about 5,000, - 
000 in women. Their size is. such that a row of 3200 reel cells would 
measure only an inch in length. In man and other mammals, mature red 
blood cells are biconcave discs (see Fig. 22) with no nuclei. Although 
they appear to have no structural framework, when they are stained 



Fig. 22— An immature red blood cell (C) is spherical and contains a nucleus. 

The mature red cell has no nucleus and is shaped like a biconcave disc as. 
shown in views A and B. In B three red cells are shown on edge. 

(colored by a dye) appropriately a network of protein and fat-like 
compounds can be seen ramifying throughout the cell. This structure 
helps to account for the flexibility of red cells. They can be observed 
to undergo varying degrees of distortion when passing through fine 
capillaries, yet they always return to their original shape in roomier 
surroundings. 

Hemoglobin content. The most important chemical constituent of 
the cell is the red pigment, hemoglobin, which combines with oxygen 
and acts as its carrier in the blood. The globin portion of the molecule 
is protein, the rest being hematin, a substance containing iron. The 
absence of a nucleus would appear to allow more space for hemoglobin 
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within the cell. The principal functions of the red cell — the transport 
of oxygen, aiding in the transport of carbon dioxide, and the preven- 
tion of too great acidity of the blood — are effected through its hemo- 
globin. 

The red blood cells of non-mammalian vertebrates (fish, frog, snake, 
bird) are nucleated and of larger size than mammalian cells. Mam- 
malian cells are favored by these differences. They contain more 
hemoglobin per unit of volume and have a greater proportional surface 
area than non-mammalian ones. Since the surface area is one factor 
limiting the extent to which diffusion and osmosis can occur, the 
greater the surface area, the more easily these processes can take place. 
Since the processes of diffusion and osmosis, as well as the compound 
hemoglobin, play important roles in the functioning of the red cells, 
the greater efficiency of mammalian red cells is evident. 

The life-cycle of the red cell. It has been calculated that red cells 
in the blood stream live some ten to thirty days. Since the red cell 
count remains comparatively constant, this implies that there must be 
processes of formation and destruction of red cells proceeding at equal 
rates. Red cells are produced chiefly by the red bone marrow. If a flat 
v bone, such as a rib, is split open, a reddish tissue is seen. The same 
type of tissue is found at the ends of long bones, like the thigh bone 
'0 (see Fig. 76). Upon microscopic examination of red marrow all stages 
in the development of the red cell are seen. Primitive connective tissue 
cells are the precursors of red cells. As these cells divide and multiply 
a series of stages results, all of which are nucleated. Late in the series 
hemoglobin appears and the nucleus is expelled, the resulting mature 
red cell passing into the blood stream. From blood passing through 
the liver and spleen some red cells are seized upon, devoured, and 
destroyed by cells which ingest and digest them much as Amoeba does 
its food. Such destruction is continually occurring, but the criteria 
for selection of red cells by these destroyers are not known. 

The hemoglobin liberated from the destroyed cells is broken down 
in these liver and spleen cells. The destination of the globin fraction 
is unknown. The hematin portion is either returned to the bone mar- 
row to be used again or converted into bile pigments in the liver. The 
latter enter the small intestine via the bile duct and are eventually 
lost to the body. From determining the amount of bile pigments in the 
feces, an estimate was made indicating that one-tenth to one-thirtieth 
of the red cells are destroyed daily. This would mean, on the basis of 
a ten-day age limit, the destruction and formation of 21,000,000,000 
cells per minute! 
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Hemolysis (see Fig. 23). When red cells are placed in water, they 
swell and finally burst. Even as they swell, their hemoglobin is diffus- 
ing out. This separation of cell contents from cell framework is known 
as cytolysis in general and hemolysis with reference to red cells. If red 



Fig. 23 — The volume of a red blood cell is dependent upon the level of the 
osmotic pressure outside its membrane. Since the osmotic pressure of 0.9% 
sodium chloride (NaCl) solution equals that inside the red cell, the cell vol- 
ume remains constant. When the outside osmotic pressure is lower than that 
in the cell (0.6% NaCl), water enters and the cell swells; if the pressure is 
even lower (plain water), the cell swells so much that it bursts. When the out- 
side osmotic pressure is higher than that in the cell, water leaves the cell 
which becomes smaller ( 1 . 2 % NaCl) or shrunken (2% NaCl). If the differ- 
ences in osmotic pressure are not too large, it is possible to return the cell to 
normal volume by replacing it in 0.9% NaCl solution. 

cells are placed in 0.9% saline solution (0.9 grams of table salt per 
100 cc. of water), they remain unchanged. In this latter case no hemoly- 
sis occurs because the concentration of salt in the solution is the same 
as the total concentration of salts in the plasma and in the red cell 
itself. There is, therefore, the same osmotic pressure on each side of 
the semipermeable cell membrane. In the first instance above, the 
osmotic pressure is much lower outside than inside the cell, water 
passes inward, and hemolysis results. If cells were placed in 2% salt 
solution, the osmotic pressure would be less inside, water would leave 
the cell, and the latter would shrink and shrivel. 

Agents other than water can hemolyze red cells. Fat solvents do so 
by dissolving the fatty part of the cell membrane and framework, thus 
releasing hemoglobin. Ether and chloroform are fat solvents as well 
as anesthetics. Hemolysis and cytolysis can ensue upon prolonged con- 
tact of cells with these solvents; this is one of the reasons over-anes- 
thesia must be avoided. 

Certain poisonous substances, like the toxins produced by malig- 
nant tumors or harmful bacteria, may likewise act as hemolyzing agents. 

Anemia. When a person has too few red cells in his blood, a de- 
creased hemoglobin content in each celk or both, he is said to be 
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anemic. Decreased hemoglobin or red cell reduction means a decreased 
oxygen content of the blood, subsequent poor oxygenation of tissues, 
and, through loss of metabolic energy, general bodily inefficiency in 
the performance of daily activities. Anemia can be produced by ex- 
cessive loss or destruction or insufficient production of red cells or 
hemoglobin. 

Excessive loss or destruction. Hemorrhage or a hemolyzing agent 
may produce anemia. Either cause results in a lowered oxygen content 
of the blood. Unless too severe, this deficiency sets into motion a com- 
pensatory mechanism which in time overcomes the loss. Although the 
reason behind it is obscure, low blood oxygen stimulates red bone mar- 
row to increase production of red cells. This mechanism is invoked 
by any lowering of blood oxygen. For instance, if you should climb 
some distance above sea level and stay at that altitude for several 
weeks, you would, at first, probably have difficulty in acclimating your- 
self to the lowered oxygen content of the air. The decreased oxygen 
content of your blood would stimulate the bone marrow and within 
a week or so your red cell count would rise to a level above the normal 
at sea level. The increased number of red cells would enable your blood 
to retain more oxygen per unit of volume, or as much as you would 
normally have had at sea level. Natives of the Andes Mountains in 
South America have a constantly higher red cell count than the people 
in the valleys below them. 

Insufficient production. Any factor which decreases bone-marrow 
function is a potential cause of anemia. Lead-industry workers may 
develop anemia by sufficient absorption of lead to destroy sizeable 
areas of bone marrow. Even though the bone marrow is healthy, 
anemia can ensue if the nutrients necessary for red cell production are 
lacking in the diet. Not enough iron in the diet would curtail the 
production of hemoglobin and result in one type of nutritional anemia. 
In other cases, although there is no dietary deficiency, anemia can 
result from insufficient absorption of materials in the small intestine. 

Pernicious anemia. This type is also caused by under-production 
of red cells. Until 1927 it was invariably a fatal disease. At that time 
Dr. Whipple of the University of Rochester, who was conducting 
experiments on anemia induced by repeated hemorrhages in dogs, 
found that feeding liver to anemic dogs brought about their recovery 
more efficiently than other foods. Drs. Minot and Murphy subsequently 
tried liver feeding in controlling pernicious anemia in human patients. 
It was successful. After a few weeks of liver feeding the red cell count 
is almost normal and patients are fairly well off. Since the red cell 


44 


THE CIRCULATORY SYSTEM 


count may drop as low as x, 000,000 per cubic millimeter and since the 
blood of patients shows a number of immature red cells in circulation, 
there is undoubtedly severe underfunctioning of the bone marrow, and 
liver feeding effects a striking improvement. 

However, this treatment is not a cure; it is merely a check. Stopping 
the treatment causes almost immediate recurrence of the disease. Evi- 
dently there is some substance in liver which accelerates normal red 
cell production. The nature of this substance, called the anti-pernicious- 
anemia principle or APA, is not completely determined. Subsequent 
investigations have indicated that it is formed by the interaction of 
some protein in the food and something in normal gastric juice. APA 
thus formed is absorbed into the blood in the small intestine and car- 
ried to the liver where it is stored for release when needed. From these 
experiments it can be seen that pernicious anemia may result from 
lack of the protein food component or the gastric juice substance, from 
failure of absorption of APA in the intestine, or from inadequate 
storage by the liver. This is an instance, then, of the ability to control 
an abnormality of function, even though its causes are not fully known. 

THE WHITE BLOOD CELLS 

Number, kind, and structure. One cubic millimeter of blood con- 
tains from 5000 to 9000 white blood cells or leucocytes. We may first 
separate them into two large groups: those with granules in their 
cytoplasm and those without granules (see Fig. 24). Of the granular 



Fig. 24 — White blood cells: b, lymphocyte; c, basophil; d, neutrophil; e, 
eosinophil; f, monocyte. A red blood cell (a) is included for a comparison 
of sizes. 


variety, neutrophils are the most common of all white cells. They pos- 
sess lobulated nuclei and rather fine granules which take a lavender 
stain. Eosinophils and basophils resemble neutrophils except that their 
granules are larger, those of the former staining red, the latter’s blue. 
All three kinds are somewhat larger than red cells. The non-granular 
white cells include lymphocytes and monocytes. Lymphocytes are ap- 
proximately tb* same size as red cells and have a large, somewhat 
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bean-shaped nucleus which almost fills the cell. Monocytes are the 
largest of all white cells and have deeply indented nuclei. Of every 
ioo white cells on the average, 70 will be neutrophils, 22 lymphocytes, 
4 monocytes, 3 eosinophils, and 1 a basophil. 

The life-cycle of white cells. The origin of the white cells has been 
a matter of scientific dispute for many years. It would now appear 
that granular leucocytes arise in the red bone marrow, perhaps even 
from the same primitive cells as the red cells. Their span of develop- 
ment to maturity also includes a series of transitional stages. Lympho- 
cytes, however, are formed especially in the lymph nodes (enlarge- 
ments seen at intervals along the course of lymph vessels). Just where 
monocytes arise is still a matter of conjecture. One prominent theory 
advocates their development from lymphocytes, but no conclusive evi- 
dence is yet available. 

We know' very little about the destruction of white cells and the 
ultimate disposition made of their contents. How long they survive 
cannot even be fairly estimated. Since they are constantly being pro- 
duced, however, it is certain that they are constantly being destroyed, 
for their number in blood remains fairly stable. 

Variations in the white count. Normally, the number present in 
blood may fluctuate rather widely in the same individual. But no 
valid correlation has yet been made between, an increased or decreased 
count and normal physiological activities. 

In infectious diseases, though, the white count may rise considerably. 
In appendicitis, for instance, the count may rise to about 50,000 per 
cubic millimeter. Such a rise is typical of infections and is often used 
by doctors as a diagnostic sign of infection. This type of response is 
a normal one, though the stimulus for greater production of white 
cells is not known. Abnormally, the white count may rise as high as 
500,000 per cubic millimeter with the presence of many immature 
types in the circulating blood. This condition is called leukemia. The 
cause of the great overactivity of the bone marrow in this disease is 
unknown. Treatment of it has so far been ineffective, so that it gen- 
erally ends in death. 

Too few'' white cells may prove as dangerous as too many. In diseases 
like typhoid fever the white count may fall considerably. When this 
happens, individuals are very easily infected. 

Functions. Neutrophils are able to “crawl” out of the blood stream 
by inserting a narrow pseudopod between cells of the thin capillary 
Walls, the rest of their protoplasm then streaming into the pseudopod 
(see Fig. 148). By amoeboid movement they travel to sites of infection 
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and combat infectious organisms by engulfing and digesting them in 
the same fashion that Amoeba procures and digests its food. They 
also remove injured or dead tissue cells in the same manner. Many 
of them lose their lives in the battle that follows a bacterial invasion. 
It would appear that bacteria liberate substances which attract neutro- 
phils to the infected area. The bodies of dead bacteria and neutrophils 
and the tissue cell debris make up the pus which is associated with an 
infection. 

The functions of other white cells are still unknown to us. It has 
been suggested, however, that lymphocytes are essential for the repair 
of injured tissue. It is believed that they flock to sites of recovery from 
injury or infection and are converted into connective tissue cells of 
less specialized character. These latter make up the bulk of the scar 
tissue which temporarily covers a wound. There is also a suggestion 
that lymphocytes manufacture substances which are essential for growth 
and repair of tissues in general. 

y THE CONSTITUENTS OF PLASMA 

The liquid portion of the blood constitutes about 55 per cent of 
whole blood (plasma plus formed elements) and is mainly composed 
of water (about 90 per cent on the average). Of its 10 per cent of 
solid materials, the plasma proteins make up 7-9 per cent, inorganic 
salts 0.9 per cent, blood sugar (glucose) 0.1 per cent, and various other 
substances the remainder. 

The plasma proteins. Of the three plasma proteins, fibrinogen func- 
tions mainly in the clotting of blood (which will be discussed below). 
Albumin and globulin are present in much larger amounts than fibrino- 
gen and have more generalized functions. They are important in the 
regulation of the acidity of the blood. They also play a very important 
role in determining the water content of the blood. These proteins 
pass through the capillary walls only with difficulty while the other 
constituents of plasma readily penetrate the walls. Thus the only effec- 
tive osmotic pressure set up in the plasma is due to its proteins. Ordi- 
narily, this pressure tends constantly to draw water from the tissue 
fluid into the blood and consequently opposes the action of the blood 
pressure which tends continually to force water out of the capillaries. 
The viscosity of the blood depends considerably on the concentration 
of the plasma proteins. (We may define viscosity as “internal friction,” 
the friction resulting from the rubbing together of particles as they 
jostle about in solution. If the temperature is constant, the concentra- 
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ticrn of dissolved substances in a solution determines its viscosity; thus, 
sugar water flows relatively easily, but molasses, a highly concentrated 
sugar solution, is much more viscous and flows slowly.) Blood vis- 
cosity is one factor influencing the height of blood pressure. An ade- 
quate viscosity of the plasma also seems an environmental factor essen- 
tial to the life of the blood cells. 

The inorganic salts. The common salts of the plasma and the ions 
into which they dissociate' — the positive sodium, potassium, calcium 
and magnesium ions; the negative chloride, carbonate, bicarbonate, 
sulphate and phosphate ions — are absolutely essential constituents of 
the environment of the blood cells and of all other cells. They help to 
preserve the integrity of cell membranes and regulate membrane prop- 
erties to some extent. They insure the proper osmotic equilibrium be- 
tween the interior of cells and the fluid which bathes them and thus 
contribute to the control of the distribution of water throughout the 
body. They are important in determining the nature and degree of 
irritability in such tissues as muscle and nerve. 

Glucose. There are many factors operating to keep the blood sugar 
level at an approximately constant value. Glucose is, of course, the most 
widely used body fuel substance and is continually diffusing out of the 
blood to regions where it is needed. It is extremely important that the 
concentration of glucose be maintained at normal levels. If, through 
some imbalance of the factors controlling this level, the concentration 
should be decreased to a little less than half the usual amount, convul- 


sions, coma, and death may result. 

Other substances. Many of the products of digestion are en route 
to cells all over the body, while waste products of cell metabolism are 
being transported to their sites of elimination. The hormones of the 


endocrine glands, various enzymes, the gases oxygen, carbon dioxide. 


and nitrogen, and other special compounds are present in small 


amounts. 


* y THE COAGULATION OF BLOOD 


The clotting of blood is familiar to all of us. The value of this 
phenomenon in preventing excessive loss of precious blood upon injury 
to blood vessels is tremendously important. But straightforward as the 
process may seem, a number of substances is necessary for its com- 
pletion. 

The physical basis of coagulation. The essential reaction in the 
clotting process is the change of fibrinogen, a plasma protein, from a 
sol to a gel state. Let us see how this brings on coagulation. Micro- 
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scopic observation of blood shows that as it is clotting, colorless threads 
of fibrin, the gel state of fibrinogen, appear. These interlace to form a 
tangled network in which the blood cells and plasma become en- 
meshed. In this way the fluid blood is converted to the jelly-like, red 
mass which we recognize as clotted blood. If we observe some clotted 
blood after it has stood a few hours, we will note that some fluid is 
again present (Fig. 25) and that the clot has shrunk. As it shrinks, 
a straw-colored liquid, serum, is pressed out and collects above it. 



Fig. 25. Clotted blood looks like a homogeneous jcllv-like mass at first (A). 

After standing a few hours, the dot shrinks and serum collects above it (B). 

Clotting is solely a function of the plasma. If the latter is separated 
from the cells, it readily clots; or, if a clot is washed in water, it loses 
its red color — due to the washing away of the cells — but is unchanged 
in any other way. The cells, then, are entirely incidental in coagula- 
tion. 

The mechanism of coagulation. The question that concerns us 
here is how fibrinogen is converted into fibrin at one time but remains 
in the sol state in blood as it circulates through the body. One widely 
accepted theory states the case as follows. Fibrinogen is converted to 
fibrin by the action of a substance, thrombin. Thrombin, not ordi- 
narily present in the blood, is produced by the action of calcium ions 
on prothrombin, both of which are normal constituents of the plasma. 
However, prothrombin is ordinarily kept in an inactive state by anti- 
prothrombin. When tissue cells are injured, and especially when blood 
platelets disintegrate, a substance called cephalin is liberated. Cephalin 
neutralizes antiprothrombin, and frees prothrombin for its conversion 
to thrombin. To summarize: 

Cephalin -f- prothrombin — antiprothrombin prothrombin 
Prothrombin -j- Ca ++ -» Thrombin 
Thrombin -j- fibrinogen — > fibrin 
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What evidence supports this theory? Defibrinated blood (blood from 
which all the fibrinogen has been removed) will not clot, nor will blood 
from which only calcium ions have been removed. Fibrinogen and 
calcium ions must, then, be essentials of the coagulation process. 

Prothrombin can be isolated from plasma. That it is prothrombin 
can be demonstrated by the fact that it will not cause the coagulation 
of a solution of fibrinogen unless it is first treated with calcium ions. 
The calcium ions have evidently converted it to thrombin. Now, since 
prothrombin and calcium ions are normal constituents of plasma, some 
inhibitory influence must also be present. If it were not, thrombin 
would be formed and clotting of the circulating blood would occur. 
This inhibitory influence (antiprothrombin) is believed identical with 
a substance which can be extracted from many organs, especially the 
liver. The extracted substance acts as a powerful anticoagulant. 

We have accounted for everything in the above scheme but cephalin. 
This is the substance which usually initiates the clotting process. Its 
presence can be indicated in this manner. If blood is collected in a 
glass beaker, it soon clots. But, if a layer of paraffin is first deposited 
on the inside of the beaker, the collected blood takes a much longer 
time to clot. Upon microscopic observation of this phenomenon it can 
be noted that on a surface w r hich water does not wet (such as a 
paraffin one) blood platelets disintegrate very slowly. Since this is the 
only observable difference between the events on a surface water wets 
and one which it does not, the breakdown of the platelets evidently 
liberates cephalin. Blood will also clot if it flows over injured tissue or,, 
even though collected in a paraffined beaker, if an extract of any tissue 
is added to it. 

Clotting within blood vessels. Usually blood does not coagulate 
within the body, even though in a place like the spleen it may stagnate 
for some time. But if the lining of a blood vessel becomes roughened 
at some point, platelets disintegrate and a focal point for a clot is set 
up. Or, if a blood vessel is locally injured, the cephalin liberated from 
the damaged tissue ceils initiates a clot at the point of injury. In gen- 
eral, such an event is a protective one, strengthening a weak point in 
a vessel’s wall. This prevents rupture of the vessel and resultant 
hemorrhage. Sometimes, however, this mechanism backfires. A clot 
may continue to grow and may eventually completely block the vessel 
and prevent the flow of blood. If the vessel should supply blood to a 
vital region, such a clot may cause serious damage to the individual 
or even result in death. A clot which forms within a blood vessel is 
spoken of as a thrombus and the plugging of a vessel by it as throm - 
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bo sis. Another danger is involved. Even though the thrombus rftay 
not plug a vessel, it may be torn loose and travel in the blood stream 
until it reaches a vessel too small for it to navigate. Clogging will result 
and again may result seriously. A travelling clot (or an air bubble, oil 
globule, etc,) is called an embolus and the condition arising from its 
action, embolism. 

Methods of preventing coagulation. It is often important to col- 
lect blood and prevent its clotting so that it may be studied or saved 
for transfusion purposes. We have already noted a number of ways this 
may be accomplished. One way is the removal of calcium ions by add- 
ing some compound with which calcium reacts to form a substance 
which will not dissociate into ions (calcium as part of a compound 
is not effective). Collecting the blood in a paraffined container or 
keeping it cool will prolong the clotting time for long periods, since 
in both cases the stability of the platelets is increased and no cephalin 
is liberated. Adding an antiprothrombin substance will also keep the 
blood fluid. Defibrination is also employed. This can be done simply 
by whipping blood with a bundle of wooden sticks. Fibrinogen de- 
posits as fibrin threads on the sticks and can be thus easily removed. 
Incidentally, this is evidence that the change from fibrinogen to fibrin 
is merely a change in physical state, since whipping involves no 
chemical manipulation of substances. 

Impaired coagulation. When the coagulatory process is normal, 
blood collected from an individual will clot in four to eight minutes. 
This period is known as the clotting tune. In some individuals the 
clotting time is greatly prolonged and a slight damage to a blood 
vessel may end in severe hemorrhage and even death. Deficiency ol 
any of the essential elements of the clotting process may increase the 
clotting time and a variety of causes may lead to such a deficiency. 
The most arresting condition of impaired coagulation is the hereditary 
disease, hemophilia. This disease occurs only in males and has plagued 
some of the former royal families of Europe. It is characterized by an 
excessively long clotting time. Intensive study has revealed no defi- 
ciency of any clotting element. The immediate cause seems to be 
extraordinary stability of the platelets. What brings this about and 
what can be done to remedy the defect are as yet unsolved problems. 

THE BLOOD VOLUME 

3 y various methods it has been estimated that blood approximates 
one-thirteenth of the body weight. Thus, a man weighing 65 kg. 
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(roughly, 140 pounds) would have about 5 liters of blood (one liter 
weighs about one kg.). These are only approximations because no 
method for determining blood volume has yet been devised which is 
not subject to error. 

The volume of circulating blood remains surprisingly constant under 
a great variety of conditions. We have already seen that the number 
of blood cells is maintained constant by the balance between rates 
of formation and destruction. A number of mechanisms are also at 
work to maintain the constancy of plasma volume, which is largely 
determined by the amount of water present. Since water can reach the 
cells only via the blood and since water is continually being lost from 
the body in the expired air, sweat, feces, and urine, there must be a 
constant drain of water from the blood. Water is also supplied, of 
course, both from that which we drink and that which results from 
the breaking down of some chemical compounds. The kidneys are 
mainly responsible for maintaining water balance. If output is greater 
than intake, the amount of water in urine is reduced; and vice versa. 
The plasma proteins, as noted above, also play a role in keeping the 
water concentration of plasma at its normal level. 

Blood volume must be maintained at its level, then, in order to 
supply the tissues with essential water. It is also a factor in maintaining 
normal blood pressure. 

Hemorrhage. Reduced blood volume is much more common and 
usually more dangerous than increased blood volume. One of the more 
frequent causes of a lowered blood volume is hemorrhage. Since there 
is loss of whole blood, both the absolute number of cells and the plasma 
volume are lessened. After the bleeding has stopped, both of these 
losses must be combatted. If not more than 30 per cent of the total 
blood volume is lost, compensatory mechanisms within the body can 
bring about complete recovery in time. The reduction in red cells 
lowers the oxygen content of the blood and this stimulates the red 
bone marrow to increased production of red cells. Within a few weeks 
the red cell count may again be normal. The plasma volume is more 
quickly restored by the diffusion of water into the capillaries- from the 
tissue fluid or from cells. This may go on to such an extent that the 
total blood volume returns to a normal level. The ratio of cells to 
plasma, of course, would be less than normal under these conditions 
and would remain so until the number of cells attained normality. 
During the period of reduced blood volume the kidney would secrete 
a more concentrated urine (less water in it) which would materially 
aid the conservation of water by the body. 
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Transfusion and blood groups. If the hemorrhage is more severe 
than above, the body is not capable of recuperating its losses solely 
through its own mechanisms and, unless external help is given 
promptly, death will result. The more serious deficiency in such a 
case is the reduced blood pressure (due to the decreased blood vol- 
ume) and not the lowered oxygen concentration. The blood pressure 
must be maintained at a certain minimal level to keep the blood circu- 
lating. Below this level of pressure, vital regions will not be adequately 
supplied with blood and death results. The only way to overcome this 
low pressure is to increase the blood volume by injection of fluid. 

The ideal transfusion fluid is whole blood itself. Many substitutes 
have been suggested, but most are impractical or even harmful. Within 
the past few years “blood banks” have come into widespread use and 
have proved to be immensely valuable. Plasma from the blood of large 
numbers of donors is separated from the cells and pooled. This pooled 
plasma is either frozen or dried and can be stored in these states for 
long periods. Dried plasma, especially, has many advantages. It is 
easily transported and takes less storage space. For immediate use it 
merely has to be dissolved in the right amount of distilled water. 
Either dried or frozen plasma can be safely administered to any 
recipient. 

This last advantage is of tremendous importance. Whole blood is 
of various types in different individuals. These types depend on no 
racial differences, but exist in individuals of all races. It has been 
determined that two substances may be found in the red cells of the 
blood. These we may designate as a and b. In plasma two other sub- 
stances, A and B, are found. If A and a ox B and b are present in blood 
together, they cause the red cells to clump together and these clumps 
may cause death by blocking small blood vessels supplying vital areas. 
Normally we distinguish four main blood types, Ab, Ba, AB and ba. 
For transfusion of whole blood it is essential for complete safety to 
provide the same type of blood that is found in the recipient. For 
some reason in pooled plasma the A and B substances are neutralized, 
so that such fluid can be transfused with impunity in any individual 
regardless of his blood type. 

Because of its many advantages, it is apparent why dried plasma 
is being hailed as one of the most significant life-savers in peace and 
in war. It is still true that in some cases, whenever the red cell count 
falls too low to be rapidly enough restored by the red marrow, whole 
blood transfusion is needed in place of or in addition to plasma. 
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THE HEART 

The heart is the “pump” which drives blood through the vessels 
of the circulatory system. It is located in the center of the thoracic 
cavity and is enclosed in a tough sac of connective tissue, the peri- 
cardium. Day and night throughout life the heart incessantly beats 
at an average rate of about 70 times a minute. 

'“'''THE COURSE OF THE CIRCULATION 

The vessels that transport blood to the heart are the veins; those 
which carry blood away from the heart are the arteries. The heart in 
man consists of four chambers: the upper two are called auricles or 
atria, the lower two, ventricles. Leading out from the left ventricle 
is the largest artery in the body, the aorta, which distributes blood via 
its branches to all regions of the body except the lungs. In all tissues, 
the smallest arterial subdivisions break up into capillaries, and these 
in turn unite to form veins. Veins from all of the body below the heart 
empty into the inferior vena cava, those above the heart into the 
superior vena cava. These two large veins drain into the right auricle. 
This part of the circulation, beginning in the aorta and ending in the 
venae cavae, is known as the systemic circuit. The pulmonary circuit 
supplies the lungs only. This circuit consists of the pulmonary artery 
from the right ventricle, the capillaries in the lungs and the pulmonary 
veins which carry blood to the left auricle. 

This four-chambered heart, two-circuit type of circulation (Fig. 26) 
exists in birds and mammals. It is further characterized by a complete 
separation of the right and left sides of the heart, the right side receiv- 
ing oxygen-poor blood from the body tissues and the left, oxygen-rich 
blood from the lungs. If we examine the circulatory plan in the lower 
vertebrates, we see different schemes. In fish the heart consists of a 
single auricle and single ventricle. Blood leaving the heart first passes 
through the gills, where it is oxygenated before it goes to the body 
tissues. In this scheme the momentum given to the blood by the heart 
beat is considerably reduced by its journey through the small gill 
capillaries. The amphibian heart consists of two auricles and one ventri- 
cle. Blood leaves the ventricle in a single artery which quickly divides 
into two main branches going to the body tissues. Each of these ar- 
teries sends a branch to one lung. Blood from the lungs returns by 
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pulmonary veins to the left auricle, while blood from the body tissues 
returns to the right auricle. This scheme insures pumping the blood 
to the tissues at relatively high pressures, but has the disadvantage of 



Fig. 26 — A schematic representation o£ the course o£ the circulation. The 
stippled vessels contain oxygen-poor blood, others oxygen-rich blood. The 
smaller blood vessels, especially the capillaries, are omitted. Gf special inter- 
est is the fact that blood leaving the digestive tract goes immediately to the 
liver before returning to the heart. 

a mixture of oxygen-poor and oxygen-rich blood in the single ventricle. 
In reptiles the division of the ventricle into two chambers begins, but 
its evolution is completed only in birds and mammals. 

•>/ THE STRUCTURE OF THE HEART 

The heart is a four-chambered, muscular organ about the size of your 
fist. The main tissue of its walls is cardiac muscle which, as we have 
seen, is a network of completely inter-connected parts. Both function- 
ally and structurally the muscle of the two auricles is one many- 
branched fiber while that of the ventricles is another. The muscle 
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tissue is bound together by connective tissue which also connects the 
auricles with the ventricles. Blood vessels and nerve fibers are present 
in the walls, as is a special kind of conducting tissue which we shall 
discuss below. 


The left ventricle has considerably thicker walls than the right, while 
the auricular walls are much thinner than even those of the right 
ventricle. These thicknesses can be correlated with the impetus that 
must be given to the blood by each of the chambers. The auricles have 
only to pass blood on to the neighboring ventricle. The right ventricle 
pumps blood to the lungs, a longer distance, while the left ventricle 
must pump blood throughout the entire systemic circuit. 


pulmonary vein 


'pulmonary -artery 
.semilunar valves 



leff ventricle 


Fig. 27 — A semi-diagrammatic illustration of the internal structure of the 
heart. The muscles projecting into the ventricular cavities and the cords 
stretching from them prevent the flaps of the A-V valves from being pushed 
into the auricles when those valves close. The semilunar valves mark the 
points of exit of the pulmonary artery and of the aorta. The A-V bundle 
should be noted as extending throughout the muscular walls of the ventricles. 
In this figure the auricular walls are thicker and the auricular cavities larger in 
proportion to the ventricular walls and cavities than they actually are. 


' Between each auricle and its ventricle there is a valve, an auriculo- 
ventricular or A-V valve (Fig. 27). These operate, unless injured, in 
such a way as to permit blood to pass only from auricle to ventricle 
and not in the reverse direction. Between each ventricle and the 
artery arising from it there is also a one-way valve ( semilunar valve 
— so called because its flaps are shaped like half-moons) allowing blood 
to flow only from ventricle to artery. There are no valves at the junc- 
tion of the veins and the auricles. 
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PROPERTIES OF THE HEART 

Contractility. Contractility, the ability to shorten, is common to all 
protoplasm, but has been developed to such a degree in muscular 
tissue that it is its outstanding characteristic. The rhythmic contrac- 
tion of the heart muscle is spoken of as the heart beat. 

The heart beat is automatic. We can assure ourselves of this fact 
by removing the heart of a cold-blooded animal, such as a frog, from 
its body and noting that it continues to beat for hours if it is in the 
proper salt solution. 

To record the activity of the heart an experimental set-up such as 
Fig. 28 illustrates is used. The kymograph consists essentially of a base 
containing a clockwork mechanism which can be made to rotate a 
drum resting on the base. The drum is removable. A specially prepared 
paper, upon which a coating of soot has been deposited, can be pasted 
on the dr urn * Any pointed instrument scratching this sooty surface 
will inscribe a white line on it. In Fig. 28 we see that a frog heart 



Fic. 28 — Apparatus for recording the heart beat. Below the heart lever is a 
signal marker connected to a stimulating circuit. Below the signal marker is 
a time marker connected to an electrical circuit which is broken at regular in- 
tervals; each time the circuit is broken, the writing point is deflected and in- 
scribes a line on the paper of the kymograph drum. 
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has -been firmly fixed at one end and that a string connects its other 
end to a light movable lever. When the heart contracts, it pulls the 
unattached end of the lever upwards and this movement is inscribed 
on the drum by a writing point. Below the heart lever is a signal 
marker which is used to record the moment of application of a 
stimulus. 

All-or-none response. Taking an isolated Irog heart which is not 
beating automatically, we can stimulate it with an electrical current 
whose intensity can be easily varied. The results of stimulation, with 
a series of stimuli of gradually increasing intensities, can be seen in 

1 it is the 


Fig. 29 — All-or-none response to io stimuli o£ increasing intensity. 


maximal amount of which the heart is capable at that moment. The 
stimulus at io produces no greater response than the stimulus at 5, 
yet the intensity of the stimulus at 10 is far greater than that at 5. 
But the first four stimuli are ineffective in producing a response. 
These results illustrate what is meant by an all-or-none response. 

The anatomical basis for this is the syncytial character of cardiac 
muscle (see Chapter III). Thus, the whole ventricle, if it responds at 
all, responds as a unit. The advantage of this for the organism is clear. 
A ventricle contracting as a unit expels blood forcibly and in a short 
time; one which would contract in sections epuld not give the blood as 
much impetus nor expel it within the same brief period. 

The refractory period. If, while recording on a rotating kymograph 
drum the automatic beat of an isolated frog heart, we stimulate the 
heart electrically at various times during its contraction and relaxation 
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periods, we find that sometimes we get an additional response .and 
sometimes not (see Fig. 30). If the stimulus falls within the contrac- 
tion period (upstroke), no additional beat occurs; the further into the 
relaxation period (downstroke) the stimulus falls, the larger the addi- 
tional beat. The time during which no stimuli will elicit a response 
(the greater part of the contraction period) is the refractory period. 
5iT 



Fio. 30— -The refractory period. Stimuli falling in the contraction period (1 
and 3) find the heart refractory. Those given during the relaxation period (2 
and 4) produce an extra beat followed by a longer rest period. 


This is the time during which the changes in the heart muscle which 
brought about contraction are being reversed and the muscle is being 
prepared for another contraction. 

The refractory period of heart muscle lasts 0. 1-0.2 second, a much 
longer time than the refractory period of skeletal muscle. It is of dis- 
tinct advantage in that it prevents the heart from responding to a 
continuous stimulus by a continuous contraction. This ensures a rhyth- 
mic beat of the heart which is of much more value in propelling blood 
than a continuous contraction. It also reduces the extent to which 
fatigue can occur. 

Electrical changes. Electrical changes precede each contraction of 
the heart and are partly responsible for the onset of contraction. Be- 
cause of the chemical and physical processes at work an active, con- 
tracting region becomes electrically negative to a resting, relaxed 
region. We shall investigate the electrical phenomena of activity more 
thoroughly in Chapter X. 
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ORIGIN OF THE HEART BEAT 

It has long been disputed whether the rhythmicity of the heart beat 
is inherent in the cardiac muscle or originates from nervous impulses 
in the nerves which innervate the heart. The ultimate cause is still 
not known, but evidence at present indicates that this is essentially 
a muscular property. Embryonic heart muscle beats rhythmically when 
no nervous tissue is present. The adult heart continues to beat when 
all the nerves leading to it are cut. Some have argued that in the latter 
instance nerve cells within the heart muscle itself (which are present) 
continue to discharge impulses. This argument receives some support 
by analogy with the heart of the king crab. Although the latter beats 
in the embryo before nerve cells are present in it, in the adult animal 
it immediately stops and will not resume its rhythm once its nerves 
are cut. 

It is also true that the degree of rhythmicity is not equal in all 
regions of the heart. If the auricles of an isolated frog heart are cut 
away from the ventricles, the former will continue to beat and at a 
faster rate than the latter. In man, too, the ventricles may beat at a 
different rate from the auricles in the condition known as heart block 
(see below). 

In any case, whether the beat is of nervous or muscular origin, the 
exact stimulus that induces rhythmicity in the heart is a problem that 
still remains to be solved. 

THE CARDIAC CYCLE 

Upon close examination it can be observed that the parts of the 
heart do not beat simultaneously. There is an orderly sequence of 
events, the cardiac cycle, which is repeated over and over again. The 
cycle begins with the contraction ( systole ) of the right auricle fol- 
lowed closely by the contraction of the left auricle. After a short pause 
both ventricles contract. The contraction of each chamber is foliowedi 
by its relaxation ( diastole ) and then by a brief period of inactivity. 

The transmission of excitation. The heart beat begins in the 
special conducting tissue we mentioned above. This tissue, nodal 
tissue, is distributed as shown in Fig. 27. There is an accumulation of 
it in the right auricle known as the sino-auricular or S-A node. This 
node is the most excitable portion of the heart and acts as a pace- 
maker for the rest of the heart. The heart beat originates here and the 
excitation it sets up is transmitted throughout the auricles, apparently 
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conducted by the auricular muscle itself. This accounts fox the 'con- 
traction of the right before, the left auricle. 

The auricular and ventricular muscles are not continuous, so that 
excitation cannot spread directly from one to the other. The wave of 
excitation set up by the S-A node does activate another mass of nodal 
tissue in the partition between auricles and ventricles. This mass is 
the auriculo-ventricular or A-V node. From it an A-V bundle of fibers 
descends in the ventricular muscle, giving off branches to all regions 
of the ventricular walls. By means of the A-V node and bundle the 
excitatory state is transmitted to the ventricles which contract simul- 
taneously. 

When the conducting system is functioning normally, the cardiac 
cycle proceeds in its usual fashion. At times, however, the conductile 
system between auricles and ventricles is blocked — either mechanically 
or because of some change in its physiological state — and the condition 
of heart bloc\ ensues. If the block is incomplete, the excitatory in- 
fluence from the pacemaker will be transmitted to the ventricles some 
times and not at others. Thus, at intervals (which may be very regu- 
lar), the ventricles will skip a beat. In the case of a complete block 
no impulse can reach the ventricles over the nodal tissue. This does 
not mean complete cessation of the ventricular beat (which would 
quickly bring on death). In this condition a region of the ventricle will 
assume the role of a secondary pacemaker and initiate ventricular con- 
tractions. The rate at which the ventricles beat now is slower than the 
auricular rate. In these conditions of heart block, the blood is not being 
pumped to the tissues as regularly or as often as normally because 
of the incoordination of auricular and ventricular contractions. The 
organism is, therefore, at a disadvantage, especially during strenuous 
exercise. 

Pressure changes and the operation of the valves. As the auricles 
and ventricles fill with blood, contract, and relax, pressure changes 
occur within them which control the movements of the valves and 
determine the direction of blood flow through the heart. During the 
auricular relaxation period, venous blood flows into both auricles. As 
they begin to fill with blood the pressure within them begins to rise. 
When this intra-auricular pressure exceeds the pressure within the 
ventricles, the A-V valves open and blood begins to fill the ventricles. 
Auricular contraction then pumps the remainder of the blood in the 
auricles into the ventricles. The ventricles are now full and begin to 
contract. As they do, the pressure within them begins to mount steeply. 
As soon as it becomes greater than the intra-auricular pressure it closes 
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the A-V valves and prevents the return of blood to the auricles. Rising 
still higher, the intra-ventricular pressure exceeds the pressure in the 
arteries leading from the ventricles. This opens the semilunar valves 
and blood is propelled into the arteries. The sudden ejection of blood 
increases arterial pressure and also decreases intra-ventricular pressure. 
When the latter drops beneath the arterial pressure, the semilunar 
valves snap shut. And as the intra-ventricular pressure continues to 
fall and the intra-auricular to rise, the latter soon exceeds the former, 
the A-V valves open again, and the cycle is repeated (see Fig. 31). 



Fig. 31 — Pressure changes in the auricles, ventricles and aorta during the 
cardiac cycle. From the moment just before the A-V valves close until the 
moment the semilunar valves close the ventricles are contracting and the 
pressure within them is rising. During this time the auricles are filling with 
blood so that the pressure within them gradually rises. With the opening of 
the A-V valves blood passes from auricles to ventricles and the intra-auricular 
pressure falls. The subsequent small rise in intra-auricular and intra-ventricular 
pressures is due to the contraction of the auricles. P, Q, R, S and T indicate 
the waves in the electrocardiogram and I and II indicate the first and second 
heart sounds. 

The electrocardiogram. We have mentioned that activity of car- 
diac muscle is accompanied by electrical changes. These are of sufficient 
intensity to be transmitted to the surface of the body where a sensitive 
electrical instrument can be used to show their presence. This instru- 
ment is called an electrocardiograph, and the record that it produces, 
an electrocardiogram. In Fig. 32 is shown a typical normal electro- 
cardiogram. The P wave is correlated with contraction of the auricles, 
the QRS group with ventricular contraction, while the T wave marks 
the end of ventricular systole. 
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The electrocardiogram is useful to the physiologist and to the physi- 
cian. The physician learns to recognize that certain variations or 
absences of waves indicate abnormalities of heart function; the physi- 



Fig. 32 — The normal electrocardiogram. Compare with Fig. 31. 

ologist finds it valuable in experimentation. For instance, the A-V 
bundle of a dog’s heart can be injured and the injury shown on the 
electrocardiogram as an absence of a QRS group following some P 
waves. 

The heart sounds. During each cardiac cycle two sounds are pro- 
duced by the heart. The first is longer lasting, lower pitched, and 
softer than the second. The snapping shut of the semilunar valves 
gives rise to the second sound; the first is probably due to the noises 
set up by the closing of the A-V valves and by the contraction of the 
large mass of ventricular muscle (any muscle can produce a sound 
when it contracts). 

By placing your ear against someone’s chest in the region of th« 
heart or by listening through a stethoscope (the two-tubed instrument 
that physicians use), you can hear these sounds. An approximation 
of their character can be achieved by saying “lubb-dup” and accenting 
the second syllable. Injury to the valves of the heart can modify these 
sounds. If the semilunar valves do not close properly, for instance, 
blood leaks back into the ventricles from the arteries, producing 1* 
hushing sound. The sounds may now be simulated by “lubb-sh.” Thi* 
condition is called a heart murmur. 

REGULATION OF THE FORCE OF THE HEART BEAT 

Even though the heart gives an all-or-none response to any particular 
stimulus, the force of contraction may be varied by changes in its 
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physical or chemical state. In its changed condition it will still respond 
“all-or-none,” but the force of its contraction will differ from that 
before the change. 

Starling’s law of the heart. Muscles, somewhat like rubber bands, 
are elastic bodies. And the more an elastic body is stretched (within 
the limits of its elasticity), the greater will be the force of contraction 
when it is released. Thus, the more a cardiac chamber is filled with 
blood, the greater it will be stretched and the more forcibly it will 
contract. This principle was first applied to the heart by the English 
physiologist, Starling, and is now known as his law of the heart. 
Whenever the return of venous blood to the heart is increased, the 
heart will beat more strongly and pump out a greater amount of blood 
per beat. 

Chemical control. Carbon dioxide especially, and certain other 
metabolic products can alter the chemical nature of cardiac muscle. 
If the concentration of carbon dioxide in the blood is moderately in- 
creased, as occurs in exercise, the heart beats more forcibly than in a 
resting condition. This means, again, that a greater amount of blood 
is ejected at each heart beat. 

Under resting conditions the output of each ventricle is 60-70 cc. 
per beat (the volume of about a fourth of a water glass). Each ventricle 
can, in strenuous exercise, triple its output per beat. 

REGULATION OF THE HEART RATE 

The average heart rate in an adult tends to remain about 70 per 
minute under resting conditions (somewhat faster in children). But 
in severe exercise it may rise to 200 per minute or, in other circum- 
stances, may fall to about 60. The mechanisms which tend to maintain 
the normal heart rate or which permit changes in it can be divided 
into three groups: nervous, chemical, and thermal. 

Nervous control. Although the heart beat itself is automatic, its rate 
can be profoundly influenced by nervous impulses. In the absence of 
nervous control its ability to adapt to changing bodily conditions 
would largely be lost. 

There are two pairs of nerves which directly control the heart rate, 
the two vagus nerves (plural, vagi') and the two accelerator nerves. 
The former arise in the medulla, a. region of the hind part of the brain, 
and send branches to various organs, including the heart, in the tho- 
racic and abdominal cavities. The latter originate in the thoracic part 
of the spinal cord and eventually terminate in the heart muscle. In 
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man or an experimental animal, electrical stimulation of the accelerator 
nerves speeds the heart rate. Stimulation of the vagus nerves, however, 
slows the heart rate and, if the stimulus is strong enough and enough 
nerve impulses reach the heart muscle, may temporarily effect a com- 
plete inhibition of its beating (see Fig. 33). 



Fig. 33 — Stimulation of the vagus nerve can depress, slow and finally stop the 
heart beat. This is a record of a frog’s heart beat, but stimulation of the vagus 
has a similar effect on the heart beat in other animals. 


We have evidence that both of these nerve sets exert a continual 
influence on the heart. If the vagi are cut but the accelerators are 
intact, the heart rate speeds up and remains faster. This must indicate 
that impulses are continually descending from the medulla in the vagi 
and tending to slow the heart rate. In the absence of such inhibitory 
impulses, the heart is released from this “braking” action and accele- 
rates. The reverse is true when the accelerators are cut. 

Because of this nervous activity the heart can be accelerated in two 
ways — a decrease in the number of vagal impulses or an increase in 
accelerator impulses — and slowed in two ways. Through the action of 
these nerves, then, the heart rate is rapidly and finely adjusted to 
routine and emergency activities. The interplay of acceleratory and in- 
hibitory nerve impulses always tends toward a regulation of the heart 
rate as economical yet as efficient as possible for the activity of the 
moment. Vagal and acceleratory impulses do not balance out exactly, 
the former exerting a more pronounced influence. We might logically 
expect this, since most activities of the body tend to increase rather 
than decrease the heart rate 


; 
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The vagi and accelerator nerve fibers which we have just mentioned 
are examples of efferent fibers, that is, fibers which lead out of the 
brain or spinal cord and conduct impulses to muscles or glands. In 
the vagus nerve to the heart there are many fibers, each of which is 
an extension from a nerve cell body in the medulla. The group of 
cell bodies which gives rise to these fibers is termed a nerve center, 
or, more specifically in this instance, the vagus or cardio-inhibitory 
center. There are also cardio-acceleratory centers in the medulla and 
spinal cord (see Fig. 34). 



Fig. 34 — A schematic diagram of the nerve centers controlling the heart rate. 
Impulses sent out from cardio-inhibitory and cardio-acceleratory centers reach 
the S-A and A-V nodes and the heart muscle itself. 


The impulses which travel in the cardiac nerves originate under 
usual bodily conditions in the cell bodies of these centers. How are 
these impulses initiated? For one thing, changes in the chemical com- 
position of the blood which reaches the centers can excite or depress 
them. More usually, though, stimulation of these centers is caused by 
nerve impulses travelling to them from many regions of the body. 
Many afferent nerve fibers (fibers bringing impulses towards the central 
nervous system), perhaps all, are capable of modifying the activity 
of the cardiac centers. Let us remember that whenever an afferent 
impulse activates a center to discharge efferent impulses, the resultant 
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action is termed a reflex response. A great many such reflexes aid in 
the control of the heart rate. 

As implied above, stimulation of virtually any afferent nerve can 
produce reflex changes in the heart rate. Apparently afferent impulses 
are streaming to the cardiac centers at all times, which would mean 
that almost all activities of the body will have a voice in determining 
what the heart rate is to be at a given moment. There are, however, 
some reflexes which are more specifically concerned in the modulation 
of the heart rate. One such is the Bainbridge reflex. When blood is 
returning to the heart in increased amounts, the right auricle becomes 
engorged with blood and its walls are stretched. In the walls, close 
by the entrance of the venae cavae, are special receptors which are 
stimulated by the stretch of the auricular walls. When they are acti- 
vated, impulses pass up afferent fibers of the vagi to the cardiac center 
and initiate efferent impulses which reflexly accelerate the heart rate. 
The utility of this reflex is clearly to rid the heart more quickly of the 
increased volume of blood reaching it and, consequently, to return it 
to the body more quickly. Other specific reflexes, the carotid sinus and 
aortic arch reflexes, will be discussed below. 

Nervous impulses from higher levels of the brain are also important 
in the regulation of the heart rate, so that nervous impulses travelling 
within the central nervous system as well as afferent impulses are of 
importance. The clearest examples of their influence are found in the 
changes of heart rate produced by emotional states. Most of us are 
familiar with the increased heart rate that comes on through anger, 
excitement, or apprehension, or the slower rate produced by great fear. 
Undoubtedly, more rational activities of the brain can also modify the 
heart rate to some extent. 

Chemical control. We have already noted that an increase of carbon 
dioxide in the blood can increase the strength of the heart beat. It 
can also increase the heart rate, but not by direct action on the cardiac 
muscle. Rather, the increased concentration in the blood acts upon the 
cardio-accelerator center in the medulla. Activation of the center 
initiates volleys of impulses in the accelerator nerves which speed the 
heart rate. A decrease in carbon dioxide will produce the opposite 
effect. Changes in acidity of the blood resulting from increased or de- 
creased metabolic production of acids affect the heart rate in the same 
way and by the same mechanism that carbon dioxide does. 

Some of the hormones of the endocrine glands, notably those of the 
thyroid and adrenal glands, also affect heart rate. We shall discuss their 
actions in Chapter XL 
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Thermal control. The temperature of the air about us has little or 
no effect on heart rate. But the temperature of the blood does influence 
it to a slight degree. When the body temperature rises to about 104° 
Fahrenheit (normal being 98.6°), the heart rate is slightly accelerated. 
However, this factor is significant only in relatively long-lasting fever- 
ish states and not in the short-lived periods of high temperature 
which occur in health (i.e., in severe exercise). 


In cold-blooded animals the external temperature can markedly in- 
fluence the heart rate, since it determines the temperature of such ani- 
mals’ blood. The heart of a frog can function (though at quite differ- 



Fio. 35 — A record of heart beat in the frog when the heart is bathed with 
salt solution of varying temperatures. 


ent rates) over a wide range of temperatures (see Fig. 35), whether 
in or out of the frog’s body. The human and other “warm-blooded" 
hearts cannot since they are attuned more delicately to a nearly con- 
stant temperature. 

THE CARDIAC OUTPUT 

The output of the heart per minute is called the minute volume. 
All regulation of the heart’s activity is directed toward making the 
minute volume adequate for the situation at hand. It is the output of 
the heart which determines how much blood is sent to the tissues in a 
given time interval. 

In most situations any change in the output would be in the direc- 
tion of an increase. It is apparent that we can increase the output per 
minute either by increasing the output per beat (by increasing the 
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strength of the beat), by increasing the rate of beating, or by a com- 
bination of the two. Thus, the regulation of the force of the heart beat 
and of the heart rate is pointed toward having the heart pump out 
sufficient blood to satisfy the needs of active tissues. 


THE BLOOD VESSELS 


All of the mechanisms governing the activity of the heart, the blood 
pressure, and blood flow are directed toward insuring an adequate 
supply of blood in the capillaries where the vital exchanges of gases, 
nutrients, and wastes occur. 

v / STRUCTURE OF THE VESSELS 


Arteries and veins are constructed on a similar plan (see Fig. 36). 
Both have three layers in their walls. The innermost layer is made up 



Fig. 36 — Cross-sections of an artery, vein and capillary. The size of the capil- 
lary is much larger than it actually would be in proportion to the size of the 
artery and vein. 


of a single thickness of smooth epithelial cells resting on connective 
tissue. The smoothness minimizes the friction produced by blood rub- 
bing against the walls in its flow. The middle layer is larger than the 
inner and distinguishes an artery from a vein. In both kinds of vessels 
smooth muscle bound together by connective tissue is present, but in 
large arteries there are also many elastic fibers which impart to these 
vessels their characteristic resiliency. Because of their elasticity and 
of the thickness of this middle layer, arteries retain their shape to a 
much greater extent than veins when removed from the body. The 
outermost layer consists of a tough connective tissue in which some 
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elastk fibers and nerve fibers going to the smooth muscle may be 
found. 

The smaller divisions of arteries and veins are called arterioles and 
venules respectively. Arterioles differ from arteries in their size and 
also in the greater proportion of smooth muscle to elastic fibers in the 
middle layer. Venules are more nearly smaller replicas of veins. 

The smallest vessels are the capillaries which have only one-layered 
walls consisting of epithelium. These minute vessels cannot be seen 
by the unaided eye, since their diameter may be little more than that 
of a red cell, and their length averages about a millimeter. 

THE ARTERIAL BLOOD PRESSURE 

As blood leaves the heart, it is under considerable pressure. How- 
ever, all of the energy imparted to the blood by ventricular contrac- 
tion is not used in furthering the flow of blood. Some of this energy 
is dissipated in distending the elastic walls of the large arteries. A wave 
of recoil of the arterial walls then assists the heart in moving blood 
through the vessels. This is the pulse wave which is responsible for the 
pulse that can be felt in any artery (from those near the surface of the 
intact body, of course). If the arteries were rigid instead of elastic 
tubes, with each ventricular systole the pressure would rise sharply in 
them but fall steeply once the contraction was concluded. Blood flow 
under these conditions would be intermittent and not continuous (as 
it really is). The elasticity of the arterial walls, therefore, is responsible 
in large part for the continued maintenance of arterial pressure and of 
blood flow. 

The pressure gradient. There is a progressive fall in blood pressure 
from arteries to arterioles to capillaries to veins. The difference in 
pressure from one point to another constitutes a pressure gradient 
without which there would be no flow at all; that is, if the pressure 
were the same at all points, there could be no flow from point to point. 
If there were but a single vessel which led from the heart and even- 
tually returned to it and that vesseL had the same diameter throughout, 
then the pressure of the blood would fall gradually in the vessel, the 
drop in pressure at any one point being proportional to the distance 
of that point from the pumping force (see Fig. 37 ). The fall in pressure 
is due to the resistance offered to the flow of the fluid by the friction 
set up as the fluid rubs against the wall of the vessel. However, the 
arteries leading from the heart soon divide into a number of branches, 
each of which divides into numerous arterioles which in turn sub- 
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divide into more numerous capillaries. The net result of these many 
branchings is to increase the wall space offering frictional resistance 


pressure 

gauge 


Fig; 37— A closed circuit consisting of a two-compartment pump, whose 
chambers are connected by a pipe, a one-way valve in each chamber and a 
long pipe running from chamber to chamber. The pressure of the fluid within 
the system (indicated by the density of the stippling and also by the figures 
in the pressure gauges) falls gradually with increasing distance from the pump. 

(Pressure is measured in millimeters of mercury.) 

and to cause a more sudden drop in pressure in the regions where 
many branchings occur (see Fig. 38). The pressure in the large arteries 
falls only gradually as the blood flows away from the heart, but there is 
a sudden, large drop in pressure in the arteriolar regions and a further 
fall in the capillaries. By the time blood reaches the veins there is 
practically no pressure. 

Definition of terms. With each heart beat the arterial blood pressure 
fluctuates. As blood is ejected from a ventricle into an artery, the pres- 
sure is suddenly increased as blood floods the artery. This pressure 
peak is called systolic pressure since it is due to the ventricular systole 
or contraction. During the relaxation (diastole) of the ventricle, pres- 
sure falls somewhat in the artery, but is still maintained at a fairly high 
level by the elastic recoil of the arterial walls. At this level it is referred 
to as diastolic pressure. The difference between systolic and diastolic 
pressures is called the pulse pressure; while their average is the mean 
arterial pressure. 
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Measurement of arterial blood pressure. In an experimental animal 
this can be done directly. An artery is exposed and cut. A glass tube 



Fig. 38 — A model of a closed system including a pump (not shown) based on 
the circulatory system. The changes in caliber of the vessels make for more 
sudden changes in pressure. Compare with Fig. 37. The rapid division of 
“arteries” into “arterioles” (much more than is indicated) causes the largest 
drop in pressure, the subsequent division into “capillaries” causes a good sized 
but somewhat smaller drop. In the “venules” and “veins” there is a more 
gradual drop since there is a continued resistance to flow but decreased driv- 
ing force and momentum. (Pressure is registered in millimeters of mercury.) 

is inserted into the end leading from the heart. In the tube is an anti- 
coagulant fluid to prevent blood from clotting in it. The other end of 
the glass tube is attached to a mercury manometer (see Fig. 39). The 
pressure of the mercury is increased to about the height of the blood 
pressure and thus opposes the flow of blood; at the same time it serves 
as a measure of the blood pressure. The height of the latter and fluctua- 
tions in it can be recorded on the smoked paper of a kymograph drum 
by the writing point on the float. 

In man, the foregoing procedure cannot, of course, be used. An 
indirect method (Fig. 40) is applied in this case which gives fairly 
accurate results. A rubber bag is wrapped about the arm above the 
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elbow and then inflated with air/ The bag is connected to a mercury 
manometer or a pressure gauge which indicates the height of pressure. 
The person recording the pressure places the receiver of a stethoscope 



Fig. 39 — -A method for recording blood pressure directly in an experimental 
animal. A cut is made in the wall of an artery and a glass tube inserted and 
tied into the artery. The peripheral (away from the heart— the arrow point? 
toward the heart) part of the artery is tied off. The other part of the artery 
is temporarily occluded while anticoagulant fluid is pumped through the sys- 
tem of tubes to raise the pressure to the approximate level of the blood pres- 
sure. This forces the column of mercury down in the right tube of the ma- 
nometer and up in the left tube. When the central (towards the heart) part of 
the artery is released, the blood in it rushes into the glass tube. It is prevented 
from flooding the system of tubes by the pressure opposing it. The fluctuations 
of blood pressure initiate changes in the level of the mercury which are trans- 
mitted, by means of the float and writing point on it, to the smoked paper 
on the drum as a series of lines. The height of the blood pressure is the differ- 
ence between these lines and the previously recorded line of “zero pressure." 

over the inner side of the elbow. The brachial artery is close beneath 
the surface here. The pressure in the bag is raised high enough to com- 
press the artery in the upper arm and prevent the flow of blood through 
it. No sound can be heard now. The pressure in the bag is then slowly 
decreased and, when the lumen of the artery is opened just enough to 
allow the passage of a jet of blood with each heart beat, a faint tapping 
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sound is heard. The pressure recorded at this point is the systolic pres- 
sure. As the pressure in the bag is lowered more, the sound changes in 
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\wercory manometer— 


Fig, 40 — An indirect method o£ recording blood pressure in man. For ex- 
planation see text. 


quality and then disappears completely when blood is allowed to flow 
continuously through the artery. At the moment when the sound just 
disappears, the manomjeter or gauge records the diastolic pressure. 

Measurements of pressure by this method have shown that the 
average systolic pressure in young male adults is about 120 mm. of 
mercury, diastolic about 80 mm. Blood pressure or any pressure in the 
body always is calculated by using atmospheric pressure (760 mm. of 
mercury) as the “zero” mark. That arterial blood pressure is above 
atmospheric pressure is evidenced by the spurting of blood from a cut 
artery, which could not happen if it were less than atmospheric. 
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THE REGULATION OF ARTERIAL PRESSURE 

Factors maintaining the normal arterial pressure. A combination 
of five factors cooperate in the maintenance of arterial pressure at its 
normal level. 

Pumping action of the heart. The heart controls the amount of blood 
that will be ejected into the arteries in any given period. If other fac- 
tors are constant, an increase in the cardiac output (produced in any 
manner) will increase the arterial blood pressure; a decrease will 
lower it. 

Blood volume. To develop pressure in a closed system of tubes one 
must fill them to capacity. Ordinarily the arteries are thus filled. But 
because of their elasticity more blood can be introduced into them; 
the increase in the volume of circulating fluid will distend them and 
set up an increased pressure. Withdrawal of fluid decreases pressure. 
This, as we have mentioned, is the prime deficit that follows severe 
hemorrhage. Although it cannot endure a low blood pressure for any 
considerable length of time, the animal organism can withstand a large 
fall in pressure. In an experimental animal the arterial pressure may 
be two-thirds reduced by removal of blood, yet restored to its norma! 
level by simply infusing the same blood which had been withdrawn. 

In instances in which a greater blood volume is needed, the spleen 
often aids in bringing this about. There are places in the spleen where 
arterioles empty into blood sinuses, relatively wide channels which can 
accommodate a considerable amount of blood. These sinuses are off the 
main line of the circulation, and the blood in them may not move at all. 
This splenic blood is very rich in red cells, since it is easier for the 
plasma to escape from the sinuses into the general circulation than it is 
for the cells. After hemorrhage, or in muscular exercise or emotional 
states, smooth muscle in the walls of the spleen contracts and the 
stored blood is squeezed into the circulating blood. 

Elasticity of the arterial walls. This gives rise to and maintains 
the diastolic pressure; the latter is produced by the springing back of 
the arterial walls after they have been stretched by the sudden ejection 
of blood during ventricular systole. The diastolic pressure is much 
more constant than the systolic; that is, it is affected far less than the 
systolic by changes in any of the other factors maintaining blood pres- 
sure. 

Blood viscosity. Blood is about five times as viscous as water. Now 
the more viscous a fluid is, the more resistant to flow it is and the 
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greater is the pressure needed to force it through a narrow tube. The 
viscosity of the blood is largely determined by the numbers of formed 
elements present and to a lesser degree by the concentration of plasma 
proteins. If either of these factors is lowered, viscosity drops, resistance 
to flow is decreased, and blood pressure falls; and vice versa. It can be 
seen, then, that an ideal transfusion fluid must have a viscosity approxi- 
mating that of blood. 

Peripheral resistance. Arterioles are of smaller caliber than arteries 
and cannot therefore transmit as much blood in a given time interval 
as can arteries. There is, therefore, a resistance to the passage of blood 
from artery to arteriole and, for the same reason but to a lesser extent, 
from arteriole to capillary. This is the peripheral resistance. If the 
arteriolar diameters are decreased, resistance increases and blood pres- 
sure rises. 

Nervous control. Rapid adjustments of blood pressure are effected 
by means of nervous mechanisms controlling the heart rate and the 
caliber of blood vessels (mainly arterioles). 

The smooth muscle in the walls of arterioles can be caused to con- 
tract or relax by nervous impulses. As with the heart, there are two 
sets of nerves going to these muscles, nerves which emanate from the 
central nervous system. These nerves which regulate constriction and 
dilation of blood vessels are called vasomotor nerves. Stimulation of 
one set, the vasoconstrictor nerves, causes contraction of muscles and 
decreased caliber of the vessels; stimulation of the other, the vaso- 
dilator nerves, relaxes the muscles and increases the caliber. If a large 
number of arterioles are constricted, peripheral resistance increases and 
blood pressure rises; if a large number are dilated, blood pressure falls. 

Most changes in peripheral resistance are brought about in the ab- 
dominal region, the organs of which are very vascular (have many 
blood vessels). Nervous impulses are continually passing over the vaso- 
constrictor nerves to the arterioles of this region and, to a lesser degree, 
over the vasodilator nerves. The vasoconstrictor effect is predominant, 
however. These impulses arise, in a manner analogous to the vagal and 
accelerator impulses to the heart, in vasoconstrictor and vasodilator 
centers respectively. These centers are located in the medulla of the 
brain and are influenced by all afferent nerves, much as the cardiac 
centers are. 

There are special vasomotor reflexes which are mainly responsible 
for adjustments of blood pressure. These are the carotid sinus and 
aortic arch reflexes (Fig. 41). The common carotid arteries arise from 
the aorta soon after it leaves the heart and run up the neck alongside 



Fig. 41 — A schematic diagram o£ the pathways for the carotid sinus and 
aortic arch reflexes. Afferent fibers from each carotid sinus ( — ) and from 
the aortic arch (==) pass to the cardiac and vasomotor centers in the 

medulla. Efferent fibers from these centers ( ) innervate the heart and 

arterioles respectively. 
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the trachea. These are the arteries you can feel pulsating in your neck. 
High in the neck, near the angle of the jaw, each divides into two 
branches — an external carotid artery which supplies blood to the super- 
ficial regions of the head and an internal carotid artery which delivers 
blood to the brain. Just at the junction of the carotid branches there 
is a swelling in the internal carotid artery which is known as the 
carotid sinus. In the walls of this sinus and in the walls of the arch 
of the aorta are receptors which are excited by a stretch of these walls. 
Thus, whenever blood pressure rises, nervous impulses are set up in 
afferent nerve fibers by these receptors. The nerve fibers run from the 
receptors to the medulla and are called carotid sinus and aortic nerves , 
These afferent impulses reach both the vasomotor centers and the car- 
diac centers. 

An increase in blood pressure initiates an increased number of im- 
pulses in these nerves and reflexes are started which tend to lower the 
blood pressure; These impulses, on the one hand, excite the vasodilator 
center and/or inhibit the vasoconstrictor center; on the other, they 
excite the cardio-inhibitory center and/or inhibit the cardio-accelerator 
center. The net result is a dilation of arterioles and a decreased heart 
rate which decrease the peripheral resistance and cardiac output 
respectively and tend to lower blood pressure. A decrease in blood 
pressure initiates an opposite series of events, for the decreased number 
of impulses in the carotid sinus and aortic nerves stimulates and/or 
inhibits the cardiac and vasomotor centers in such a way that arterioles 
are constricted and the heart rate accelerates; these activities raise the 
blood pressure. 

The carotid sinus and aortic nerves are normally active at all times. 
Each rise in arterial pressure at ventricular systole sends impulses 
along them. They are continually opposing the tendency of blood 
pressure to rise. Thus, if these nerves are cut, no regulatory impulses 
reach the medulla and blood pressure does rise and remain at a higher 
level than before. 

The vasomotor reflexes are also of importance in combatting the 
pull of gravity on the blood. The carotid sinus mechanism is especially 
influential as regards this in maintaining blood flow at adequate pres- 
sure to the brain. You may have noticed that sometimes on suddenly 
rising from a recumbent position to a sitting or standing one you feel 
faint. This is due to the sudden pull of gravity on the blood ascending 
to the head. If this pull is great enough to prevent enough blood from 
going to the brain, fainting results. The drop in pressure in the carotid 
arteries then stimulates the carotid sinus receptors; via the mechanism 
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described above, blood pressure is reflexly increased and consciousness 
is restored. 

Chemical control. An increase in the carbon dioxide or the acid 
concentration in the blood acts directly upon the vasoconstrictor center 
to bring about general vasoconstriction and a rise in blood pressure. 
The carbon dioxide released locally, however, as the result of tissue 
metabolism, causes the arterioles it comes in contact with to dilate by 
relaxing the smooth muscle in their walls. A decrease in oxygen con- 
tent of the blood can produce the same results as an excess of carbon 
dioxide, but the latter is a more frequently occurring and more potent 
factor. 

VARIATIONS IN ARTERIAL BLOOD PRESSURE 

As we have seen, the normal adult blood pressure averages about 
120 mm. of mercury for systolic and 80 mm. for diastolic. The systolic 
pressure is much less stable than the diastolic and fluctuates much 
more widely than the latter. In severe exercise, for instance, the systolic 
pressure may rise to as much as 200 mm, while the diastolic rises at 
most to no mm. The pulse pressure is, therefore, increased and we 
notice a more violently throbbing pulse. 

Blood pressure tends to rise with increasing age, the systolic being 
about 135 mm. at the age of sixty while the diastolic is increased only 
to about 90 mm. At a given age, very heavy persons tend to have a 
higher blood pressure than lighter ones. Emotional states can cause 
marked variations in blood pressure, the direction of change depending 
upon how the heart and the caliber of blood vessels are affected. 

High blood pressure. Pathologically high blood pressure or hyper- 
tension is not uncommon. The blood pressure may rise to as much 
as 250 mm. of mercury (systolic) and 130 mm. (diastolic). This high 
pressure puts a strain on the heart, for the pressure in the ventricles 
must be built up to a greater height than arterial pressure before blood 
can be ejected. The increase in the work of the heart causes the left 
ventricle, especially, to dilate and produces thickening of its walls. The 
excessive pressure also causes degenerative changes in the blood vessels 
over a period of time. Arteriosclerosis (hardening of the arteries which 
occurs normally as we grow older and is produced by the deposition 
of insoluble calcium salts in the arterial walls with consequent decrease 
in elasticity) does not bring on the hypertension in these cases, al- 
though it may be responsible for the smaller increases in pressure that 
occur normally as we age. The cause of hypertension in pathological 
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cases* is an increase in peripheral resistance due to chronic constriction 
of arterioles. However, what causes this constriction is not clearly 
understood in many cases. In some instances, the hypertension is sec- 
ondary to kidney disease. Such disease restricts the blood flow to the 
kidneys and they receive insufficient oxygen. The oxygen lack seems 
to bring on the production of a substance by the kidneys which causes 
increased contraction of smooth muscle in arteriolar walls. There is 
some experimental confirmation of this. If a clamp is placed about the 
renal artery in a dog in such a way that the blood supply is reduced 
and insufficient oxygen reaches the kidney cells, hypertension is pro- 
duced by means of a substance elaborated by the kidneys. 

Low blood pressure. Hypotension is said to exist when blood pres- 
sure is consistently below no mm. of mercury. Its cause is unknown. 
The condition is less common than hypertension and does not gen- 
erally produce symptoms which endanger the individual. Increased 
susceptibility to fatigue and dizziness accompany the condition. 

BLOOD FLOW 

The blood flow, as we saw, is the result of the pressure gradient from 
arteries to capillaries to veins. And the pressure gradient is caused by 
the gradual dissipation of the energy imparted to the blood by the 
heart as the vessels offer resistance to the flow of blood. In addition to 
the pumping action of the heart (which is the primary source of pres- 
sure and flow) another factor maintaining blood flow is the elasticity 
of the arteries (which sustains the greater part of the pressure set up 
by the heart beat). 

There is still another factor controlling the speed of blood flow. This 
factor, the total cross-sectional area of the vessels, is responsible for the 
changes in the velocity of flow in the different parts of the circulatory 
“tree.” Similar changes can be seen in the flow of liquid through any 
system of tubes which vary in diameter. Thus, at A in Fig. 42 the tube 
(“artery”) is wide and the flow fast; at B and C (“arterioles” and 
“capillaries”), although each tube has a smaller diameter than the 
“artery,” the total cross-sectional area of the tubes increases and the 
flow slackens; and at D and E (“small veins” and “large vein”) the flow 
quickens again since the total cross-sectional area decreases. The 
velocity of blood flow in the body varies quite similarly. The flow in 
the arteries is fast, it slows in the arterioles and capillaries, and then 
accelerates progressively in the small and large veins. 

Venous blood flow. In the arteries below the heart, the blood pres- 
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sure and the force o£ gravity work in the same direction and there is 
no difficulty in accounting for blood flow. In the arteries above the 
heart, although the gravitational effect opposes the blood flow, the 
carotid sinus and aortic arch reflexes maintain the pressure at regular 
levels and provide for a sustained blood flow. 

In the veins below the heart, however, other mechanisms must be 
called upon to insure the return of blood to the heart. The venous 



Fig. 42 — Blood flow. For description see text. 

pressure is very low and cannot force the blood up against the pull of 
gravity. The important accessory mechanism in the lower regions of 
the body is the “pumping” action of the skeletal muscles. When these 
muscles contract, they compress the relatively thin-walled veins and 
squeeze blood upward. The blood is prevented from moving back 
toward the capillaries by the action of valves, spaced at frequent in- 
tervals along the veins, which open only toward the heart (Fig. 43). 
When the skeletal muscles relax, the veins expand and are filled with 
blood from below. This mechanism is of particular importance to the 
venous return during strenuous exercise. In the thoracic cavity another 
mechanism aids in the venous return, the significance of which will 
become clearer in Chapter V. 

Since the flow of blood in veins above the heart is aided by the pull 
of gravity, no accessory mechanisms are needed to insure this flow. 

The circulation, time. If a substance is injected into the blood 
stream at one point, the time it takes to reach some other point in the 
circulatory system can be recorded. By the use of dyes or other ma- 
terials it has been found that the pulmonary circulation time (the 
shortest time required for blood to pass through the heart and lungs) 


THE CIRCULATORY SYSTEM 


81 


is about eleven seconds in man. The total circulation time from one 
arm to the other is about 24 seconds. The total circulation time varies 
according to the region of the body selected; the total circulation time 
from heart to foot will be greater than from heart to arm. 



Fig. 43 — -Action of the valves in veins. If you select a prominent vein on your 
arm and run your finger along it towards your hand, you will note that a 
section of the vein collapses and seems to disappear. This happens because 
you are preventing blood from flowing towards the heart by your pressure 
on the vein and because the valves in the vein prevent blood from flowing 
back into the emptied section of it. 

The circulation time varies in health and in disease. In muscular 
exercise, it will be decreased; in heart failure, it will be increased. 

The control of blood flow to an organ. The amount and the rate 
of blood flow to a particular organ is regulated by nervous and chem- 
ical factors. Of these, the chemical effects seem predominant. When an 
organ is active, its rate of metabolism increases and more carbon 
dioxide is produced than at rest. The excess carbon dioxide diffuses 
into the blood stream and causes dilation of the arterioles of the organ 
by direct action on the smooth muscle in their walls. With increased 
caliber of the arterioles more blood is delivered to the organ and at a 
faster rate. 

The vasomotor nerves also control blood flow. Stimulation of vaso- 
constrictor nerves reduces the amount and rate of flow through arte- 
rioles; stimulation of vasodilator nerves produces the opposite effects. 
There is reflex control of blood flow in an active organ as well as 
chemical. The activity in some way initiates afferent impulses which 
activate the vasodilator center to send out impulses to arterioles in the 
organ. The arterioles dilate and increased blood flow results. 

Since there is a relatively constant blood volume, if the blood flow 
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to one region is increased, it must be decreased in some other place. 
Note how smoothly the reactions are synchronized during muscular 
exercise. A greater blood flow is needed by the active skeletal muscles. 
Their activity increases the carbon dioxide concentration locally and 
their arterioles are caused to dilate. The excess carbon dioxide in the 
circulating blood increases the force of the heart beat, excites the vaso- 
constrictor center, causing generalized vasoconstriction and rise of 
blood pressure. But the local excess of carbon dioxide maintains the 
dilation of arterioles in the muscles, despite the vasoconstrictor im- 
pulses. Thus, more blood is supplied at greater pressure to the active 
muscles, while the inactive regions receive less blood. 

THE LYMPHATIC SYSTEM 

The purpose of all the circulatory adjustments is to provide a suffi- 
cient flow of blood in the capillaries. In these minute vessels occur the 
vital exchanges between tissue fluid and blood. 

THE FORMATION OF TISSUE FLUID 

Tissue fluid, except for its protein concentration, has the same com- 
position as blood plasma. How is this fluid derived from the blood? 
The thin capillary walls are permeable to all of the constituents of 
blood except the formed elements and, to a large extent, the plasma 
proteins. Some of the smaller protein molecules do penetrate the walls, 
but only enough to keep the protein concentration of tissue fluid at 
about 3 per cent. At the arterial end of the capillaries the blood pres- 
sure amounts to about 30 mm. of mercury. This pressure tends to drive 
water and the dissolved substances in it out of the capillaries. The 
tissue fluid, however, exerts some pressure, too, which opposes the 
driving force of the blood pressure. The tissue fluid pressure is much 
less than blood pressure. Assuming that it is about 5 mm. of mercury, 
the effective filtration pressure (see Chapter II) would be 25 mm. of 
mercury. On the other hand the proteins which do not filter out of 
the blood exert osmotic pressure (about 25 mm. of mercury) which 
tends to draw fluid into the capillaries. The proteins in the tissue fluid 
also exert osmotic pressure, although considerably less than that of 
blood because of the lower protein concentration. If the tissue fluid 
osmotic pressure amounts to 10 mm. of mercury, the effective osmotic 
pressure will be 15 mm. Since the effective filtration pressure is greater 
than the effective osmotic pressure, there will be a force of 10 mm. of 
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mercury (25-15) tending to drive fluid out of the capillaries at the 
arterial end (see Fig. 44). 

At the venous end of the capillaries the osmotic pressure may be a 
little higher than at the arterial end because of the loss of water and 



Fig. 44 — The formation of tissue fluid. B.P. = blood pressure; T.F.P. = tis- 
sue fluid pressure; E.F.P. = effective filtration pressure; O.P. = osmotic 
pressure; E.O.P. = effective osmotic pressure. For explanation see text. Pres- 
sures are in millimeters of mercury. 

consequent rise of protein concentration. The blood pressure, however, 
falls somewhat. If the osmotic pressure becomes greater than the blood 
pressure, fluid will be drawn into the capillaries. 

Any decrease in blood osmotic pressure, any increase in blood pres- 
sure or in tissue fluid osmotic pressure (other factors remaining con- 
stant) will cause an increased formation of tissue fluid. An increased 
capillary permeability would have the same effect. If any of these 
changes persist for some time, tissue fluid will accumulate in the tissue 
spaces in greater amounts than normal and a condition of edema or 
dropsy will result. For example, edema can result if the protein content 
of plasma falls because of insufficient protein in the diet or because of 
kidney disease and consequent loss of protein in the urine. 

v/ STRUCTURE OF THE LYMPHATIC SYSTEM 

There are a vast number of small, very thin-walled vessels, the lymph 
capillaries, which drain fluid from the tissue spaces. These vessels 
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merge with one another to form larger and larger lymph vessels. From 
regions below the heart all lymph vessels finally empty into two large 
vessels, the right lymphatic duct and the left lymphatic or thoracic duct. 
These ducts then empty into veins which are returning blood from the 
right and left arms respectively. The smaller lymph vessels above the 
heart eventually terminate in the right and left cervical lymphatics , 
which empty into the same veins as do the lymphatic ducts. 

In the course of the larger lymph vessels there are enlargements 
called lymph nodes or glands. The lymph vessels entering these nodes 
break up into finer branches which ramify throughout the nodes and 
then once more unite to form larger vessels which leave the node. 

THE FLOW OF LYMPH 

The excess tissue fluid is carried back to the blood by the lymph 
vessels. Once inside the lymph vessels this fluid is called lymph. How it 
gets into the lymph vessels is obscure. The lymph capillaries are 
closed vessels which end blindly in the tissue spaces. And, since the 
composition and pressure of the fluids on either side of their walls is 
the same, none of the ordinary physical processes can account for the 
movement of fluid into the lymphatic system. 

The flow of lymph is very slow. There is little driving power behind 
its flow (there is no effective pump like the heart). If tissue fluid 
formation is increased, the flow of lymph accelerates because of the 
push of freshly formed fluid against that in the lymph vessels. Lymph 
flow in vessels below the heart, like the venous flow, is impeded by the 
pull of gravity. The “pumping” action of the skeletal muscles is, there- 
fore, of even greater importance for lymph flow than for venous return. 
Numerous valves which allow lymph to flow only toward its outflow 
into the blood stream are also important in maintaining whatever flow 
there is. 

If the lymphatic system is blocked at any point, edema will result. 

FUNCTIONS OF THE LYMPHATIC SYSTEM 

We have already noted that this system provides for the return of 
tissue fluid to the blood. This is especially important for the proteins 
which “leak” out of the blood stream. They do not return to the blood 
through the capillary walls, but only via the lymphatic system. Water, 
on the other hand, can return directly to the blood stream, if necessary. 

The lymph nodes are the site of formation of the lymphocytes. 
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The lymph nodes and other accumulation of lymphoid tissue (such 
as the tonsils and adenoids) act as strainers of foreign particles or 
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CHAPTER V 


The Respiratory System 


The intake of oxygen and the release of carbon dioxide are processes 
essential to life. Respiration involves these two processes at two dif- 
ferent levels. The more obvious kind of respiration is breathing or 



Fig. 45 — The respiratory system. The ribs and intercostal muscles (see Figs. 

48, 74 and 77) are not included here, although they are important parts 
of this system. 

external respiration, which involves the procurement of oxygen and 
the excretion of carbon dioxide by the body. Internal respiration, the 
use of oxygen and production of carbon dioxide by the cells of the 
body, involves the multitude of chemical reactions which make up the 
86 
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metabolism of the cell. These reactions constitute the subject matter 
of biochemistry which is beyond the scope of this book. Unless other- 
wise indicated, we shall mean external respiration when we use the 
word “respiration.” 

In one-celled animal forms, respiration consists of a simple exchange 
of oxygen and carbon dioxide across the cell membrane. More complex 
animals evolved different mechanisms. In some types of worms the 
respiratory gases diffuse through the s\in into or out of blood vessels 
in the skin and the blood carries them to or from the body cells. Even 
in as comparatively advanced an animal as the frog, a considerable 
portion of the respiratory exchange is effected through its moist skin. 

Insects possess a series of air tubes which branch and rebranch 
throughout their bodies and open to the outside through pores in their 
abdominal w’alls. Circulation of air is produced by contractions and 
expansions of the abdomen, air being brought directly to the cells. 

In most higher animals another mechanism is introduced — the col- 
lection of air in a respiratory organ across whose thin walls gases dif- 
fuse into and out of the blood. The latter transports gases to and from 
the cells. The gills are the respiratory organs of fishes, whereas in 
amphibia, reptiles, birds and mammals the lungs are these organs. 
Water or air is pumped through these organs and the gaseous exchange 
occurs between them and their blood capillaries. 

THE ANATOMY OF THE RESPIRATORY ORGANS 

Air is sucked in through either the nostrils or the mouth and passes 
into the pharynx. Opening from the pharynx is the respiratory tube 
proper which begins as the larynx or voice box (the receptacle of the 
vocal cords). The continuation of the respiratory tube is the trachea, 
which extends into the thoracic cavity. (See Fig. 45.) 

In the walls of the larynx there are plates of cartilage which act as 
supporting structures for the vocal cords. Cartilage is also present in 
the trachea (Fig. 46) in the form of incomplete rings. These rings 
make the trachea a more rigid tube than it would otherwise be, and 
prevent it from being easily collapsed. They are only three-fourths com- 
plete, however, so that the trachea can be somewhat constricted. The 
trachea contains smooth muscle in its walls. Constrictor and dilator 
nerves control the muscle and thereby regulate the caliber of the 
trachea. Another important structural part of the walls is elastic tissue 
(also present in the lung tissue), with which we shall be concerned 
in the mechanisms of breathing. 
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The trachea finally divides into two bronchi, one going into each 
lung. There each bronchus subdivides further and further until a great 
number of very small branches, bronchioles, end in air-sacs (see Fig. 
47). The bronchial walls are very similar to those of the trachea until 
the finest bronchioles are reached, when the walls become thinner and 
cartilage is no longer present. 

Lining the inner surfaces of the bronchial tubes, trachea, pharynx, 
larynx, and parts of the nasal passageways is a layer of columnar 



Fig. 46 — A cross-section of the trachea showing the incomplete ring of 
cartilage in its wall. 


epithelium. Its cells are modified in many places to form glands which 
secrete mucus or a watery fluid. These secretions lubricate the respira- 
tory passageways and preserve a moist environment for the surface 
cells. The columnar cells are further modified by the presence of fine, 
hair-like processes, cilia, on their free surfaces. Movement of the cilia 
is continually going on in the direction away from the lungs. By their 
movements they sweep small foreign particles, such as dust, outwards 
and prevent their passage into the lungs. 

The smallest branches of the bronchial “tree” divide into a number 
of air-sacs, each of which has a number of bulges in its walls. These 


THE RESPIRATORY SYSTEM 


bulges form little chambers or alveoli ( see Fig. 47), which are lined by 
a single layer of flat epithelial cells. The lungs are richly supplied with 
Hood vessels and capillaries lie immediately adjacent to the alveolar 





Fig. 47 — Lung tissue. Each bronchiole opens into a number of air-sacs. Each j 

air-sac has a number of tiny bulges in its wall which form the alveoli be- 
tween which and the capillaries the respiratory gases are exchanged, 

walls. Thus, the respiratory gases have only to diffuse through two 
delicate walls (in some places the alveolar wall is lacking so that only 
one wall separates the blood and air) to pass from alveoli to blood or 
vice versa. \ 

THE MECHANISMS OF BREATHING 

Unlike the frog, which swallows air and thus forces it into its lungs j 

under pressure, man sucks air into his lungs by decreasing the pressure '■:] 

in them. When we inhale, a series of events occurs: the chest increases I 

in volume, the pressure in the chest cavity, and that inside the lungs j 

falls, and air is sucked into the lungs; when we exhale, the opposites j 

of these events take place: the chest decreases in volume, the pressures j 

just noted rise, and air is forced out of the lungs. These events are 
possible only because the thoracic cavity is completely closed, yet can 
exhibit changes in volume. 

The mechanisms of inspiration. Inhalation or inspiration is an 
active process, exhalation or expiration a passive one ordinarily. In 
inspiration the capacity of the chest is increased from front to back, 

| from side to side, and in the vertical plane. The latter is accomplished 

j by the contraction of the diaphragm, the muscular partition between 

j the thoracic and abdominal cavities. At rest, the diaphragm is dome- 

I shaped (see Fig. 45), but tends to flatten out during its contraction 

(Fig. 48). This movement will increase the volume of the chest from 
top to bottom. At the same time, contraction of the intercostal (be- 
tween the ribs) muscles moves the ribs upward and forward. The rib 
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movements increase the chest volume from front to back (upper ribs) 
and from side to side (lower ribs). 

Because of the increase in chest volume the lungs expand and air is 
drawn in. Let us trace the mechanism behind this. At the moment of 
birth there is no air in the lungs and they are in a deflated condition. 



Fig. 48 — The ribs, lungs and diaphragm in their resting or expiratory posi- 
tions. The dotted lines indicate the extent of movement of the ribs and dia- 
phragm during inspiration and, consequently, the increase in capacity of the 
thoracic cavity. 

But at that moment the chest expands and the pressure falls in the 
space between the lungs and the chest wall (if nothing else changes in 
a system, an increase in volume is accompanied by a decrease in pres- 
sure). The decrease in pressure on the outside of the lungs causes them 
to inflate. Since now the volume inside the lungs increases, the pressure 
inside the lungs falls. With the pressure inside the lungs less than the 
atmospheric pressure outside the body, air rushes through the respira- 
tory passageways into the lungs. 
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From the moment that air first enters the lungs, they are never com- 
pletely deflated and almost completely fill their portion of the thoracic 
cavity. The space between the lungs and the chest wall, the intra- 
thoracic cavity, is, then, only a potential cavity; in reality it contains 
nothing but a thin film of fluid between lung and chest walls. However, 
each time that the chest wall expands, the lungs, because they are 
elastic, tend to resist being expanded. The combination of expanding 
chest wall and lung wall resisting its own expansion lowers the pres- 
sure in the intrathoracic cavity. 

The intrathoracic pressure is called “negative” because, by actual 
measurement, it is lower than atmospheric pressure. Since this negative 
pressure is always lower than the pressure within the lungs, the lungs 
are kept in a partially expanded state even when at rest. When the 
chest wall enlarges in inspiration, the intrathoracic pressure falls even 
lower and the lungs expand to a greater extent. 

Expiration. Ordinary expiration comes about by the reversal of the 
changes occurring during inspiration. The muscles that produce the 
inspiratory movements relax, so that, as the diaphragm ascends and the 
ribs return to their resting positions, the volume of the chest decreases. 
The intrathoracic pressure rises. The lungs become smaller because of 
the recoil of their own elastic tissue. As the lung volume decreases, 
the pressure in the lungs becomes greater than atmospheric pressure, 
since the walls of the lungs squeeze down on the air inside to some 
extent. Since the pressure is greater in the lungs than in the air, air 
is expired. 

When we expire forcibly, there are contractions of muscles that aid 
in the process. The muscles in the wall of the abdomen contract and 
compress the abdominal organs which in turn push upward against the 
diaphragm, hastening its rise. Other intercostal muscles contract and 
move the ribs downward and toward the back. These latter muscular 
movements assist the normal pull of gravity, thus hastening the change 
and increasing its extent. The net result of these more active events is 
a greater decrease in the volume of the thoracic cavity than occurs 
normally. The lungs react to this by a more vigorous elastic recoil, 
consequently expelling air more rapidly and more forcibly. 

Pressure changes (see Fig. 49). From what has been said above, we 
can see that in inspiration the pressure within' the lung first decreases 
as the lung expands. Toward the end of inspiration, however, it begins 
to rise as air is drawn in and by the end of inspiration equals the 
atmospheric pressure. At this point no more air enters. During the 
first part of expiration the pressure rises as the lung recoils and then 
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falls again as air is forced, out. At the end of expiration the pressure 
again equals atmospheric and no more air is exhaled. 

The intrathoracic pressure, on the other hand, declines steadily dur- 
ing inspiration, reaching its greatest depth at the end of inspiration. 



Fig. 49— Pressure changes during respiration. See text. 


It rises sharply during the early part of expiration and then levels off 
at a maximal height. 

As we mentioned above, the intrathoracic cavity contains only a 
thin film of fluid. If, by any means, more fluid or a quantity of air 
should get into this space, then respiration would be impaired or 
stopped. This occurs because the intrathoracic pressure rises and the 
lung deflates to an extent dependent upon how great the rise in pres- 
sure is. This condition may be brought about accidentally (by a knife 
or bullet wound) or by disease (inflammation of the pleura and accu- 
mulation of fluid, hemorrhage into the cavity, etc.). 

Doctors, however, may make good use of the phenomenon. If one 
lung becomes infected, it has a better chance of healing if it can be 
rendered motionless. Since each lung is in a compartment separated 
from the other lung by membranes and by the space containing the 
heart, it is possible to inject air into one side of the intrathoracic cavity. 
The increase in pressure causes the lung to expel its air and collapse. 
It remains collapsed as long as the pressure outside remains higher than 
that inside it. In time, the air in the cavity is absorbed into the blood*, 
the treatment is repeated if a collapsed condition is still desired. 

An important form of lung infection is tuberculosis of the lung 
formerly referred to as “consumption.” Tuberculosis is a disease caused 
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by 'certain bacteria which may lodge in any tissue of the body. Quite 
commonly the lungs are the seat of the infection. 

ARTIFICIAL RESPIRATION 

In cases of asphyxiation or shock when automatic respiration has 
stopped, artificial respiration should be begun immediately and con- 
tinued until the patient is breathing normally once more or a doctor 
has taken charge. The Schafer method is simple to learn and very 
effective. The patient is laid face down with head on one side, mouth 
open, and tongue out. The operator places his knees on either side of 
one of the patient’s thighs and rests his hands over the lowermost ribs. 
By alternately leaning forward on his hands and then releasing the 
pressure about sixteen times per minute, he can adequately ventilate 
the patient’s lungs. When the chest is compressed, air is forced out of 
the lungs; when it is released, it comes back to its normal position by 
virtue of its own elasticity and air is sucked in. There are also ma- 
chines which can be used if available. These operate by alternately 
decreasing and increasing the pressure of the air outside the body, 
resulting in alternate expansion and compression of the chest wall. 

COMPOSITION OF INSPIRED AND EXPIRED AIR 

The air about us is a mixture of gases. Nitrogen makes up almost 
four-fifths of the total (79 per cent). Oxygen constitutes about 20 per 
cent, carbon dioxide 0.04 per cent, and the remainder consists of water 
vapor and traces of rarer gases. The expired air contains about the 
same percentage of nitrogen and rare gases, but the other contents are 
significantly different. Oxygen now makes up only about 16 per cent 
of the total, the carbon dioxide volume has increased to 4 per cent and 
the air is just about saturated with water vapor. 

The important respiratory change is the decrease of 4 per cent in 
oxygen content and the similar increase in carbon dioxide volume. It 
is evident that not all the oxygen of the inspired air is taken up by 
the blood and, therefore, that expired air could be rebreathed for a 
short time before discomfort would be felt. 

THE CAPACITY OF THE LUNGS 

With each normal inspiration of an adult man at rest about 500 cc. 
of air are inhaled. A like amount is exhaled. This ebb and flow of air 
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is called respiration and the volume of air concerned, tidal' air. 
We are familiar with the fact that we can inhale more than this 
amount. In addition to the tidal air, we can inhale another 1500 cc. of 
air, the complemental air. After a normal expiration, we can also exhale 
1500 cc., the supplemental air. The sum of tidal, complemental, and 
supplemental airs is called the vital capacity (see Fig. 50). The average 
man can, then, breathe in about 2000 cc. (that is two liters, which is 
approximately the same as two quarts) of air and he can expel about 



Fig. 50 — The capacity of the lungs. See text. 


3500 cc. The figures for women may be some 20 per cent less than 
these and for trained athletes 20 or more per cent greater. The vital 
capacity can be increased by training. Chest expansion, however, is 
not a good index, since some persons with powerful chest muscles can 
expand their chests to a greater extent than their lungs can fill. 

Even after the greatest amount of air possible has been expired, a 
considerable volume of air remains in the lungs. When the lungs are 
removed from the body, it is found that an additional liter of air can 
be collected from them — the residual air. The supplemental and resid- 
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ual airs normally constitute a reserve of air which can be called upon 
if necessary. After expulsion of the residual air, it is found that lung 
tissue can still float on water, because of a small amount of air still 
imprisoned in it— the minimal air. This phenomenon accounts for the 
colloquial name of “lights” for lungs. It has also been used as a test 
to determine whether a newborn baby is born dead or died after birth. 
Once the baby has taken a breath of air, the minimal air will be present 
and the lungs will float. 

Mot all the tidal air gets into the alveoli. The last part of it remains 
in the respiratory passageways and is breathed out first in expiration. 
These passageways are called the dead space and the air in them, dead 
air. The latter amounts to about 150 cC. which must be subtracted from 
the tidal air in order to arrive at the actual amount of air reaching 
the alveoli. On the basis of these figures and 4 per cent of oxygen 
removed by the blood, we can calculate that (500 — 150) X 0.04=14 cc. 
of oxygen are taken up by the blood with each breath. 

THE RELATION OF THE BLOOD TO RESPIRATION 

It is now appropriate to consider the mechanisms which operate in 
the transport of oxygen from the alveoli of the lungs to cells all 
over the body and in the transport of carbon dioxide in the reverse 
direction. Since blood coming to the lungs has a lesser concentration 
of oxygen and a higher concentration of carbon dioxide than alveolar 
air, and since the two layers (at most) of thin cells which separate 
these regions are extremely permeable to the gases, the simple process 
of diffusion seems adequate to explain the passage of oxygen into the 
blood and carbon dioxide into the alveoli. Similar reasoning explains 
the passage of oxygen out of the blood and carbon dioxide into it in 
the body tissues in general. 

But the process is not as simple as it seems. It is more complex 
because of the nature of the blood. For example, if we expose 100 cc. 
of plasma to the air and allow equilibrium to be attained (as many 
molecules of gas leaving the fluid as entering it), we will find on 
analysis that only about 0.2 cc. of oxygen was in solution. On the other 
hand, xoo cc. of whole blood under the same conditions will contain 
about 20 cc. of oxygen. Since the same concentration of oxygen in the 
air is available to both blood and plasma and different amounts of 
oxygen enter each, other factors must be influencing the diffusion of 
the gas. 

The transport of oxygen. The examples just quoted make it plain 
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that though there is oxygen in solution in the plasma, it is only a s'mall 
part of the total amount in whole blood. Evidently it is something in 
the blood cells that is mainly responsible for its uptake by the blood. 
That something is the hemoglobin of the red cells, for 100 cc. of a 
solution of hemoglobin (containing as much hemoglobin as would be 
present in ioo cc. of whole blood) will also take up about 20 cc. of 
oxygen. Hemoglobin combines with oxygen to form oxyhemoglobin: 
Hb + 0 2 -»Hb 0 2 

As oxyhemoglobin, oxygen is carried in the red cells to the capillaries 
of the tissues. The oxygen content of the tissues and tissue fluid is less 
than that of blood. In the presence of this low oxygen concentration, 
oxyhemoglobin breaks up into hemoglobin and oxygen and the freed 
oxygen diffuses out of the blood: 

Hb 0 2 -> Hb + 0 2 

We have said that it is not just the differences in concentration that 
control the diffusion of oxygen. It is rather the pressure differences and 



Fig. 51 — Passage of oxygen from alveoli into blood. The same red blood cell 
is shown in three different positions during its journey through the capillary. 

the nature of the medium that regulate this process. The pressure of 
oxygen in the air is about 152 mm. of mercury. Its pressure in the 
alveoli is only 105 mm., since oxygen is diffusing out of the alveoli 
into the blood at all times. The oxygen pressure in blood coming to 
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the lungs is 40 mm. Because of this pressure difference oxygen diffuses 
into the blood. There it first dissolves in the plasma (Fig. 51). We 
have seen that very little can be dissolved in this way. However, from 
the plasma it diffuses into the red cells where it is taken up by hemo- 
globin. This process goes on quickly enough to raise the oxygen pres- 
sure to 100 mm. in the blood leaving the lungs and to saturate hemo- 
globin almost completely (95 per cent). Thus, in the lungs there is 
an equilibrium between the oxygen in the alveoli and that in the 
plasma and another between that in the plasma and in oxyhemoglobin. 
In this setup the plasma acts as a middle-man, passing oxygen either 
in or out of the blood, depending upon the pressure of oxygen outside 



Fig. 52 — Passage o£ oxygen from blood into the tissues. The same red blood 
cell is shown in three different positions during its journey through the 
capillary. Compare with Fig. 51. 

the blood. In the tissues and tissue fluid the pressure of oxygen is low 
(O— 40 mm.). Here, then, oxygen diffuses out of the plasma into 
the tissue fluid (Fig. 52). This disturbs the equilibrium between dis- 
solved oxygen and oxyhemoglobin; some of the latter breaks down and 
releases oxygen which diffuses into the plasma. This process continues 
until the oxygen pressure of the blood has fallen to 40 mm. 

The transport of carbon dioxide. The pressure of carbon dioxide 
in the tissues and tissue fluid (45 or more mm.) is higher than that in 
the arterial blood (40 mm.) coming to the tissues. It therefore diffuses 
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into the plasma and dissolves (Fig. 53). But, as in the case of oxygen, 
comparatively little can be carried in this fashion. It diffuses into the 
red cells where, under the influence of an enzyme, it combines with 
water to form carbonic acid : 

co 2 + h 2 o h 2 co 3 

Carbonic acid then reacts with salts of the blood proteins (hemoglobin 
and plasma proteins) to form sodium and potassium bicarbonates 
(NaHC 0 3 and KHC 0 3 ). These ionize in the water of the blood, i.e., 

NaHCO s -> Na + -f HC 0 3 ~ 

The greater portion of the carbon dioxide is carried as the bicarbonate 
ion , HC 0 3 ~. Another small fraction combines directly with hemo- 
globin to form carboxy-hemoglobin. 



Fig. 53— Passage of carbon dioxide from the tissues into the blood. The sarm 
red blood cell is shown in three different positions during its journey 
through the capillarj''. NaHb = the sodium salt of hemoglobin,. HHb = an 
acid form of hemoglobin, HbCOa — carboxy-hemoglobin. Some hemoglobin 
reacts with carbonic acid, some combines with carbon dioxide. 

In the venous blood the pressure of carbon dioxide has now been 
taised to 45 or more mm. The pressure of the gas in the alveoli is about 
40 mm. Therefore, in the lungs carbon dioxide diffuses out of the 
plasma (Fig. 54). This upsets the equilibrium between dissolved gas 
and that in the bicarbonate form. Thereupon the bicarbonates react 
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with the blood proteins in the reverse direction to that above, carbonic 
acid is re-formed and, under the influence of the red cell enzyme, 
breaks down to water and carbon dioxide. The latter dissolves in the 
plasma and diffuses out of the blood until its pressure fails to 40 mm. 

An interesting interrelationship between carbon dioxide and oxygen 
exists. The blood becomes slightly more acid when carbon dioxide 
enters (due to formation of carbonic acid) and the greater acidity 




Fig. 54 — Passage of carbon dioxide from the blood into the alveoli. The same 
red blood cell is shown in three different positions during its journey 
through the capillary. Compare with Fig. 53. 

favors the breakdown of oxyhemoglobin. Thus, carbon dioxide entry 
speeds oxygen release. These phenomena are reversed in the lungs — 
carbon dioxide exit favoring oxygen entry. 

Carbon monoxide poisoning. Colorless and odorless carbon mon- 
oxide is responsible for more cases of gas poisoning in peace time 
than is any other gas. Since it is a component of the exhaust .gas of 
automobiles, special precautions have to be taken in places like long 
automobile tunnels to prevent its accumulation. Its poisonous effects 
are due to its great affinity for hemoglobin, with which it combines 
to form carbon monoxide hemoglobin . Since the affinity of this gas for 
hemoglobin is some 300 times greater than that of oxygen, it is small 
wonder that a relatively low concentration of it in the air can cause 
the formation of a considerable amount of carbon monoxide hemo- 
globin in place of oxyhemoglobin. The resultant lowered oxygen con- 
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tent o£ the blood may be, and often is, severe enough to cause death 
However, in the presence of an excess of oxygen, carbon monoxide 
hemoglobin is reconverted to oxyhemoglobin, so that effective treat- 
ment involves removal of the patient from the poisonous atmosphere 
to one rich in oxygen and immediate institution of artificial respiration 
if breathing has stopped. Recovery of the patient will be complete if 
the concentration of the gas was not too high or the exposure to the 
gas not too long. 

THE CONTROL OF RESPIRATION 

Unlike the heart beat, breathing can be voluntarily controlled to a 
certain extent. But most often it goes on quite rhythmically and auto- 
matically. The rate of respiration at rest averages, in most of us, some 
sixteen to eighteen breaths per minute. Both rate and depth of respira- 
tion can vary widely under different conditions. How are these changes 
brought about and what is responsible for the automaticity ? 

The respiratory center. In the medulla of the brain there lie two 
clusters of nerve cell bodies collectively called the respiratory center . 
These cell bodies rhythmically discharge nervous impulses which pass 
down nerve fibers into the spinal cord. There they excite other nerve 
cells which in turn send impulses to the muscles of inspiration. 

On either side of the cervical (neck) region of the spinal cord are 
situated nerve cells which give rise to the phrenic nerves (Fig. 55), 
each travelling down through the thoracic cavity to innervate one-half 
of the diaphragm. The intercostal nerves (Fig. 55) arise from either 
side of the thoracic portion of the spinal cord and run to the inter- 
costal muscles. 

Volleys of nervous impulses originating in the respiratory center set 
up impulses in the phrenic and intercostal nerves which cause the con- 
traction of the diaphragm and rib muscles and mark the beginning of 
inspiration. When these impulses cease, the muscles relax and expira- 
tion occurs. Cutting the nerve to any of these muscles paralyzes the 
muscle and hampers respiration to that extent. 

Reflex control. Stimulation of any afferent nerve can alter the rate 
or depth of respiration. As in the case of the other vital centers located 
in the medulla, the respiratory center appears to be influenced by all 
afferent nerves in the body. Respiration is thus able to be adapted to 
and synchronized with a variety of bodily activities. 

There are also special afferent fibers which initiate special respira- 
tory reflexes. Perhaps most important of this group is the Hering- 
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Breuer reflex. Receptors in the alveolar walls are stimulated by the 
distention of those walls during inspiration. These receptors initiate 
impulses which travel along afferent fibers of the vagus nerves (Fig. 55) 
to the respiratory center. We can simulate this normal activity by cut- 
ting a vagus nerve and electrically stimulating the end leading to the 



Fig. 55 — A schematic diagram of the nervous control of respiration. Only the 
right lung and some of the left ribs and intercostal muscles are shown'. The 
efferent paths from the respiratory center to the diaphragm and intercostal 
muscles are indicated. On the afferent side only the vagal fibers from the 
lung to the respiratory center are seen. 

brain (Fig. 56). The result of such stimulation is the inhibition of 
respiration. Thus, at each inspiration vagal impulses ascend to the 
respiratory center and inhibit it, preventing impulses from being dis- 
charged to the muscles of inspiration. The Hering-Breuer reflex, by 
cutting short the period of inspiration, normally accelerates the rate 
of respiration. Graphic illustration of this is seen in a dog with both 
vagi cut. Its respiration becomes permanently slower and deeper (Fig. 
56). In other words, the respiratory center continues to discharge for 
a longer period and the period of inspiration is lengthened. But note 
that there is still rhythmic discharge and quiescence of the respiratory 
center. 

Afferent nerves from the carotid sinus and aortic arch affect respira- 
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tion as well as heart and circulation- An increase in blood pressure 
reflexly tends to inhibit respiration and a fall in pressure to accelerate 
it. The significance of these reflexes is obscure. But, in the carotid sinus 
and aortic arch regions there are also receptors which are sensitive to 
changes in the chemical composition of the blood. A marked drop in 



Fig. 5 6 — A graphic record of respiration in the dog. Note that after both 
vagus nerves are cut, respiration slows. When the end of a vagus nerve — 
the end leading to the brain — is stimulated, respiration is completely 
inhibited. 

oxygen content or an increase of carbon dioxide or acid concentration, 
especially the oxygen lack, results in reflex acceleration of respiration. 
These chemically initiated reflexes seem to be of only slight importance 
normally, but in adverse bodily states they continue to influence res- 
piration even after the respiratory center stops reacting to chemical 
stimuli. 

Other special afferent nerves reflexly inhibit respiration when stimu- 
lated, and set up protective reflexes. One such is an afferent nerve lead- 
ing from the larynx, whose fibers are excited in response to mechanical 
(foreign particles) or chemical (harmful or irritating gases) stimuli. 
Respiration is inhibited at the end of the expiratory phase or there 
may be a cough and the injurious substance is prevented from reaching 
the lungs. Afferent nerve endings in the pharynx are stimulated me- 
chanically when solids or liquids are swallowed and respiration is 
inhibited reflexly in either phase. Since the pharynx is a joint passage- 
way for foods and air, it is imperative that when the former are 
swallowed respiration be inhibited and the respiratory tube be closed 
off to prevent food from “going down the wrong way,” 
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Chemical control. Respiration is controlled to a considerable degree 
by the concentrations of the respiratory gases in the blood. Although 
we might expect that oxygen concentration would be the most impor- 
tant regulatory factor here, it is the carbon dioxide concentration 
which is chiefly concerned. If, for instance, you place a small paper bag 
over your mouth and nose and breathe into and out of it, within a 
short time you will find that your breathing becomes uncontrollably 
faster and deeper. In this situation the oxygen in the bag is gradually 
depleted and carbon dioxide accumulates. That the lack of oxygen is 
not the cause of the respiratory changes can be shown by breathing 
into and out of a small chamber in which the carbon dioxide of the 
expired air is removed as soon as it enters. The carbon dioxide con- 
centration now remains constant while the oxygen falls; in this case 
respiration remains practically unaffected until oxygen concentration 
gets very low. 

Lack of oxygen can, then, stimulate the respiratory center when the 
oxygen level is very low. Ordinarily, this does not occur, so that the 
carbon dioxide concentration is the more important. Whenever carbon 
dioxide concentration is increased in the blood, the excess directly 
stimulates the respiratory center to increased activity and deeper, faster 
breathing follows. It is believed that holding one’s breath for a long 
time is impossible because of the rise in carbon dioxide concentration. 
We voluntarily inhibit breathing by sending nervous impulses from 
higher levels of the brain to the respiratory center. But with respira- 
tion stopped no carbon dioxide is removed from the blood and more 
enters it as the result of the metabolic processes in active cells. When 
the carbon dioxide concentration reaches a critical level it forces the 
respiratory center to discharge and breathing begins once again. 

Since the carbon dioxide level is so important in stimulating the 
respiratory center, we should be able to hold our breath longer if the 
carbon dioxide concentration is reduced before we stop breathing. 
Reduction in the blood carbon dioxide level can be effected by indulg- 
ing in rapid, deep breathing. In the course of such forced respiration 
more carbon dioxide is lost via the expired air than can enter the blood 
from the tissues. On holding the breath now it takes a longer time for 
carbon dioxide to attain the critical level for initiation of respiration. 
Swimmers make use of this phenomenon for prolonging the time they 
can remain under water. 

The effect of forced breathing also shows us that a certain minimal 
level of carbon dioxide concentration seems necessary for the autom- 
aticity of the respiratory center. Directly after a period of forced 
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breathing you will find that, for a short time, you will feel no compul 
sion to breathe and will not do so unless you voluntarily initiate it. 

Of course, the chemical and nervous means of control of respiration 
act cooperatively in the adjustment of breathing to bodily conditions 
and either may influence the activity of the other. 

OTHER FUNCTIONS AND ACTIVITIES OF 
THE RESPIRATORY SYSTEM 

Sneezing and coughing. These are reflex acts induced by irritation 
of the lining of the nasal cavities or of lower regions of the respiratory 
tube. Their function is, of course, to expel the irritant. Both begin 
with a short inspiration followed by the drawing together of the vocal 
cords (thus closing off the lungs from the outside) and a powerful 
expiration. As expiration starts with the respiratory passageway closed, 
a high pressure is developed within the lungs. Then the vocal cords 
separate and a strong gust of air sweeps the irritant out of nose or 
mouth. 

Yawning, sighing, hiccoughing. These are respiratory reflexes 
whose significance and initiating stimuli are obscure. Yawning may be 
an indirect circulatory reflex response which serves to stimulate the 
circulation. The fact that it is frequently accompanied by stretching 
lends some support to this conclusion. 

Talking and singing. Voiced sounds are produced by the vibrations 
of the vocal cords which are set into motion by the expired air. The 
quality of the sound depends upon the degree of tension of the vocal 
cords, a condition which we can modify at will. It is also evident that 
We must voluntarily control the respiratory movements to permit the 
wide range of inflections and the continuity of utterances of which 
the human voice is capable. 

The head sinuses. In the frontal and maxillary (cheek) bones (see 
page 142) there are some air-filled cavities, the frontal and maxillary 
sinuses. The functions of these cavities are obscure. Many of us are 
never aware that we possess such sinuses, but some of us become 
acutely conscious of their presence during sieges of “sinus trouble” or 
sinusitis . 

The head sinuses are lined by a thin membrane and are connected 
with the upper part of the nasal cavities by narrow passageways. Some- 
times “germs” enter the sinuses via these passageways and set up an 
inflammation or infection. 

Aiding blood and lymph flow. In Chapter IV we noted that respir- 
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atory movements aided the flow of venous blood and lymph. This as- 
sistance is made possible by the changes of pressure in the intrathoracic 
and abdominal cavities. During inspiration the pressure in the former 
falls but rises in the latter (because of the descent of the diaphragm 
which squeezes abdominal organs .to some extent). The relatively thin- 
walled veins and lymph vessels are expanded in the thorax and com- 
pressed in the abdomen as a result of these pressure changes. During 
expiration the effects are reversed as the pressures swing in the oppo- 
site directions. When the vessels are enlarged, more blood or lymph 
enters them from below and when they are compressed blood is forced 
upward. This accessory “pumping” action with every respiration con- 
siderably aids the return of blood to the heart and lymph to the blood 


CHAPTER VI 


The Digestive System 


Diffusion of nutrients from a food vacuole to the other parts of the 
cell is a satisfactory process for the nourishment of Amoeba. In the 



Fig. 57 — Diagram of the digestive system. 

simpler multicellular animals there is a central cavity into which food 
is taken and digested. Branches of this cavity extend to within short 
distances of all the cells, so that diffusion is still an adequate process 
for supplying them with nourishment. As more complex animals 
106 
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evolved, however, a more complex body plan came into being in which 
the site of digestion of foods was quite distant from many body cells. 
The coincident development of the circulatory system, which could 
transport digested materials to all parts of the body, made it possible 
for a group of organs to be limited to the specific function of breaking 
down ingested food into materials useful to the organism. 

ANATOMY OF THE DIGESTIVE ORGANS 

Food enters the mouth, is swallowed, and passes successively through 
the pharynx, esophagus, stomach, and small intestine. In the latter two 
the digestible material is broken down. The products of digestion are 



Fig. 58 — A schematic sketch of the layers of the alimentary canal in its four 
main regions. For full description, see text. 


absorbed in the small intestine. The residue proceeds through the 
large intestine and rectum and is eliminated through the anus. 

The mouth is lined by a mucous membrane or mucosa which is 
lubricated by the mucus secreted from many tiny glands in it. The 
teeth and the muscular tongue are important in chewing and the latter 
starts the food on its journey through the digestive tract. Most of the 
saliva that pours into the mouth is secreted by three pairs of salivary 
glands. The gland cells secrete saliva into small ducts which unite to 
form larger ones and finally one or two large ducts which carry the 
fluid into the oral cavity. . 

The alimentary canal proper has the same basic construction plan 
in all its parts. Each part is essentially a tube consisting of four-layered 
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walls. From the lumen (cavity) outwards these layers are the mucosa, 
the inner connective tissue layer, the muscular layer and the outer con- 
nective tissue layer (see Fig. 58). Modifications of these layers can be 
correlated with the functions of the different parts. 

The mucosa. In the esophagus the mucosa consists mainly of strati- 
fied epithelium, which is the kind generally present where considerable 
friction may be developed. Throughout the stomach and intestines the 
cells of the mucosa are columnar. The lining of the stomach has many 
visible folds which increase its surface area and numerous tiny glands 
which dip down below the surface. The small ^intestine’s lining looks 
and feels velvety smooth. On microscopic examination, however, it is 
seen that, in addition to many glands, the mucosa extends countless 
finger-like processes into the lumen. In the large intestine the mucosa 
Is less modified than in other regions but does contain many mucus- 
secreting cells. Thus, in each part of the tract, the mucosa is dis- 
tinctively varied. 

The inner connective tissue layer. The inner connective tissue 
layer varies little throughout the digestive tract. Many of the larger 
branches of the blood vessels travel here, sending out smaller branches 
to the other layers of tissue. Also, a plexus (network) of nerve fibers 
and nerve cell bodies is found in this layer. 

The muscular layer. In all regions but the upper two-thirds of the 
esophagus (which contains skeletal muscle) smooth muscle comprises 
the muscular layer. It generally is subdivided into an inner layer of 
muscle whose fibers run circularly around the canal and an outer layer 
of muscle whose fibers run lengthwise along the tube. Contraction of 
the circular layer will cause constriction of the lumen. The muscular 
layer of the stomach is much thicker than in other regions and its sub- 
divisions are not clearly defined. Here in addition to circular and longi- 
tudinal fibers there are many others which run obliquely. The longi- 
tudinal muscle of the large intestine is not a complete layer, consisting 
of three separate bands of muscle. These bands are not so long as the 
large intestine and when they are contracted give this part of the tract 
a puckered appearance. 

In certain regions — the junctions of esophagus and stomach, of 
stomach and small intestine, of small and large intestines, and at the 
anus— -the circular muscle is greatly thickened to form a ring of muscle 
capable of closing off the lumen entirely. These rings or sphincters 
regulate the passage of material from one part of the tract to another. 
Between the circular and longitudinal layers there is another nervous 
plexus which contains more cell bodies than the one mentioned above. 
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The outer connective tissue layer. This is mainly a tough, though 
elastic, protective coating for the digestive tract. 

THE CHEMICAL BREAKDOWN OF FOOD 

Although two days may elapse before all traces of a meal are com- 
pletely eliminated from the digestive tract, the digestible portions will 
have been absorbed into the blood stream and be available for use by 
the cells within four to ten hours. Before we consider how food travels 
through the tract, let us trace its digestion. 

Previous to the middle of the eighteenth century the scientists of 
the time believed that digestion was a mechanical process, nutritive 
juices being squeezed out of food as it was ground up in the stomach. 
As a result of the work of Reaumur, Stevens, and Spallanzani, it was 
found that gastric juice could digest meat outside of the body without 
mechanical aid and that therefore digestion must be a chemical process. 
An interesting experiment performed at this time was that of having a 
man swallow a small perforated metal ball containing food. The holes 
in the ball allowed the gastric juice to attack the food but the ball 
Would resist any mechanical force. Some time later the ball was re- 
trieved and it was then noted that the food had been digested. 

SALIVARY DIGESTION 

An enzyme in saliva begins the process of digestion. However, the 
digestive action of saliva is less important than its other activities. 

If salivary secretion is insufficient, the membranes of the mouth and 
pharynx become dry and the sensation of thirst may be aroused. But, 
mere drying of these membranes is an insufficient stimulus for that 
sensation. It is only when the dryness is due to a real depletion of the 
water in the body (when there is insufficient water for normal salivary 
secretion) that thirst is aroused. 

The saliva rinses and cleans the mouth and teeth and thus helps to 
prevent accumulation of materials which could bring about decay of 
the teeth. It moistens and lubricates the structures in the mouth. In 
addition to preserving a moist, healthy environment, this action facili- 
tates movements of the tongue and lips in talking. And, since only 
dissolved solids can be tasted, the dissolving action of saliva allows 
for the sensation of taste. 

When food enters the mouth, it is thoroughly mixed with saliva. 
This makes the food much more plastic and aids tremendously in 
swallowing. For instance, swallowing dry crackers in the absence of 
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saliva is extremely difficult. The mixing of starchy food and saliva also 
enables the salivary enzyme, ptyalin, to begin its action on starch. 
Starch, you will remember, is a compound sugar; in the presence of 
ptyalin it is broken down to the double sugar, maltose. 

Enzymes are organic catalysts and thus speed up chemical reactions 
which would proceed very slowly or not at all in their absence. The 
enzymes themselves are not used up in the reactions but emerge in 
their original state ready to repeat their catalytic action. Although they 
remain unchanged, enzymes are continually being lost to the body. 
Other enzymes can cause their chemical breakdown, or a marked 
change in the acidity of the solution in which they are contained can 
inactivate them, or they can be excreted from the body. 

Several factors may influence the activity of any one enzyme. Each 
works best within a certain limited temperature range. Since the body 
temperature varies only s%htly, this factor is not of great import in 
the body. Outside the body, the influence of temperature can easily 
be demonstrated, low temperatures slowing and higher ones accelerat- 
ing their action. A temperature of about no 0 F., however, can destroy 
most enzymes. Each enzyme also works best at a certain acidity. If this 
is varied too greatly in one direction or the other, it will be inactive. 
Saliva is slightly acid as a rule, but may be slightly alkaline. Ptyalin 
works best in solutions which are nearly neutral (as much acid as alkali 
present). 

Because of their great specificity, each adapted to a special purpose, 
enzymes attack only certain substances. They also may not be able to 
attack the products so produced. Thus ptyalin acts only on starch and 
cannot cause the breakdown of maltose. 

Since food remains in the mouth only a short time, salivary digestion 
is not completed before food reaches the stomach. Ordinarily, it may 
proceed for a half hour or so in the stomach. The starchier portion of 
a meal generally comes toward the end of the meal. The food swal- 
lowed earlier tends to line the walls of the stomach and form a pro- 
tective coating about that entering later, preventing a rapid mixture 
of the latter with the gastric juice. Under such conditions ptyalin con- 
tinues to break starch down until the very acid gastric juice inacti- 
vates it. 

GASTRIC DIGESTION 

Many of the gastric glands secrete a watery juice which contains a 
considerable amount of hydrochloric acid. “Acid stomach” is, there- 
fore, a normal and, as we shall see, useful condition which should not 
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be tampered with except on the advice of a physician. The enzymes 
of the gastric juice work properly only in strongly acid media. 

The three parts of the stomach are called the fundus, body, and 
pylorus, (see Fig. 57). The glands of the fundus and body contain two 
important types of cells. One type secretes acid, the other secretes the 
gastric enzymes. 

Pepsin is the most important of the three enzymes produced. It 
attacks the proteins of ingested food, splitting them into smaller sub- 
stances. Ordinarily, this digestion does not proceed to the amino acid 
stage but only to the formation of some intermediate products, pro- 
teoses and peptones. 

Rennin is an enzyme which brings about the coagulation of milk. 
This process resembles the coagulation of blood. The milk protein, 
caseinogen , is changed from its sol to its gel state. In the latter form 
it is called casein. Since casein is insoluble,: it cannot leave the stomach 
quickly in solution and remains to be acted upon by pepsin. As in the 
clotting of blood, calcium ions are necessary for the completion of the 
process. The clot in this case is the curd and the liquid portion that 
separates is the whey (comparable to blood serum). 

Gastric lipase is a fat-splitting enzyme (the ending “-ase” signifies 
an enzyme). Its action is weak, however, and it is questionable 
whether it is at all effective in adults. There is more evidence that 
it is of value in infants. 

DIGESTION IN THE SMALL INTESTINE 

The major portion of digestion occurs in the small intestine. Secre- 
tions from the liver, pancreas, and intestinal mucosa insure the split- 
ting of foods into substances which can be absorbed into the blood. 

The bile. Liver cells are continually secreting bile, a brown or 
greenish-brown fluid. From the liver a duct carries bile toward the 
small intestine (Fig. 59). If the intestine is not ready to receive the 
bile, it passes via another duct into the gall-bladder where it is stored 
until called into use. At such a time it flows from the duct of the 
gall-bladder into the common bile duct (formed by the union of ducts 
of the liver and gall-bladder) and through it to the duodenum (the 
first part of the small intestine). 

In addition to water, the important constituents of bile are the bile 
salts, bile pigments, and two fat-like compounds, cholesterol and leci- 
thin. From the standpoint of digestion the bile salts are of greatest 
interest. They have the property of emulsifying fats in the duodenum. 
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(An emulsion is a colloidal suspension of one liquid in another, e.g. 
fat in water.) The globules of fat are reduced in size and have much 
less tendency to join with one another. Thus, the total surface of fat 
exposed to the action of the pancreatic fat-splitting enzyme is greatly 
increased. Bile salts also increase the activity of this enzyme. 



Fig. 59— A sketch of the liver and pancreas, their ducts and the entrance of 
the latter into the duodenum. 

The pancreatic juice. The pancreas is a diffuse whitish gland which 
lies in the mesentery (the membrane anchoring the small intestine to 
the abdominal wall) alongside the duodenum. Its cells secrete an alka- 
line solution rich in enzymes and pass them via the pancreatic duct 
into the duodenum (Fig. 59). 

Pancreatic lipase acts upon the fat emulsified by the bile salts and 
splits them into fatty acids and glycerol. Since this is the only effective 
fat-splitting enzyme, its absence would prevent fats from being digested 
and absorbed. 

Trypsin is the pancreatic enzyme which breaks down proteins. It is 
secreted as a fairly inactive form, trypsinogen, which is then activated 
by enter o\inase, a substance secreted by the intestinal glands. Trypsin 
can attack protein which has not already been partially digested in the 
stomach, or the proteoses and peptones which result from the digestive 
action of pepsin. It breaks these substances down to still simpler com- 
pounds, peptides. 

Pancreatic amylase differs from ptyalin in that it can split uncooked 
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as well as cooked starch into maltose; ptyalin can digest only cooked 
starch. 

The intestinal juice. The mucosal glands of the intestine also 
secrete an alkaline fluid containing many enzymes. These enzymes 
complete the digestion of foodstuffs to compounds that are easily 
absorbed. 

. Erepsin is the enzyme in intestinal juice which splits peptides into 
amino acids. Intestinal lipase is ordinarily not very important, since 
it is weaker than pancreatic lipase. In the absence of the latter, though, 
it is potent enough to digest about half of the ingested fat to fatty 
acids and glycerol. 

There are also a few carbohydrate enzymes found here. Maltase con- 
verts maltose into glucose. Milk sugar, lactose, is split into glucose and 
galactose by the enzyme lactase; and cane sugar, sucrose, is similarly 
split into glucose and fructose by sucrase. 

SUMMARY OF THE DIGESTION OF FOOD 

Ingested food is acted upon by a number of enzymes from its en- 
trance into the mouth until its digestion is completed in the small 
intestine. 

Carbohydrates : 

ptyalin 

pancreatic amylase maltase 

Starch > maltose » glucose 

sucrase 

Sucrose > glucose -j- fructose 

lactase 

Lactose > glucose -f- galactose 

Fats: 

gastric, pancreatic, 
and/or 

intestinal lipase 

Fat > fatty acids -J- glycerol 

Proteins: 

pepsin 

or 

trypsin 

Protein » proteoses -j- peptones 

trypsin erepsin 

Proteoses and peptones > peptides > amino acids 
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The simple products of digestion — amino acids, fatty acids, glycerol, 
and the simple sugars — are absorbed into the blood while the undi- 
gested residue passes on into the large intestine. 

In mammals such as the cow, rabbit, etc. which feed solely on vege- 
table matter, there is some further digestion in the cecum , a part of 
the large intestine. Certain bacteria present in this region secrete 
enzymes which are able to split the cellulose of the plant cells into 
usable products. Digestion of cellulose does not occur in man whose 
cecum is very much reduced in size and lacks these special bacteria. 

REGULATION OF THE DIGESTIVE SECRETIONS 

The secretion of the digestive juices is going on continually, but 
at the times that they are especially needed, processes are set into 
motion that insure a more copious flow. The factors controlling the 
activity of the digestive glands may be nervous, chemical, or mechanical 
in nature. 

THE CONTROL OF THE SALIVARY GLANDS 

We all know that when anything is introduced into the mouth an 
increased flow of saliva results. Moreover, the mere sight, smell, or 
even thought of food can produce the same result. (Think of your 
favorite food and note the accumulation of saliva in your mouth.) In- 
creased salivary flow under such conditions has been experimentally 
found to be under reflex nervous control. 

Substances in solution chemically stimulate the taste buds of the 
tongue, afferent nervous impulses are sent to salivary centers in the 
hind part of the brain, and efferent impulses are relayed to the salivary 
glands (see Fig. 60). The latter impulses cause greater activity of the 
glands. Afferent impulses are also sent to the salivary centers by me- 
chanical stimulation of the membrane lining the mouth or as the result 
of smell, sight, or thought of food. The reflexes set up when the 
mouth is empty are examples of conditioned or learned reflexes (see 
Chapter X), acquired by an individual through his experiences and 
not inherited. The salivary responses to stimulation of structures in 
the mouth are inherited, not acquired, reflexes. 

The salivary responses to stimuli are remarkably purposive. For 
example, if acid is taken into the mouth, a profuse salivary flow results. 
This dilutes the acid and tends to prevent injury. Food, on the other 
hand, evokes a relatively scanty amount of saliva which is rich in mucus 
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and enzymes. The food is mixed with ptyalin, lubricated, and more 
easily swallowed. These two types of salivary secretion come from 



Fig. 60 — A diagram of the pathway involved in the production of reflex 
salivary secretion. 

different cell types in the salivary glands: one produces the watery 
saliva, the other gives rise to the mucous, enzyme-rich secretion. Since 
different nerves innervate the two kinds of cells, their secretions can 
be called forth independently or cooperatively. 

THE CONTROL OF GASTRIC SECRETION 

In man the gastric glands are continually active, even in sleep. 
Nervous, mechanical, and chemical factors can, however, modify their 
activity. 

As in the case of salivary secretion, the presence of food in the mouth 
or the sight, smell, or thought of food can reflexly bring on the secre- 
tion of gastric juice. This ordinarily precedes the entrance of food into 
the stomach and is known as the psychic phase of gastric secretion. 
The efferent nerves for this reflex response are the vagus nerves which 
send branches to the stomach. If they are cut, psychic gastric secretion 
is abolished. 

Food, after entering the stomach, distends the stomach walls; this 
mechanical effect stimulates the mucosal glands to secrete more gastric 
juice. This occurs in the gastric phase of gastric secretion. During this 
period there is also chemical stimulation of gastric secretion. The pep- 
sin liberated earlier by the psychic secretion of gastric juice begins to 
digest the proteins of the food. The products of partial protein diges- 
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tion — proteoses and peptones — stimulate the pyloric mucosa to pro- 
duce a substance called gastrin. Gastrin is absorbed into the blood 
and is carried by it to the glands of the fundus and body of the 
stomach. Under the influence of gastrin the glands secrete more gastric 
juice. 

Because of the psychic secretion gastric juice is already present in the 
lumen of the stomach before the food arrives and can start to digest 
it immediately. The food itself and its partially digested products then 
further the secretion of more juice to complete the gastric part of 
digestion. 

THE CONTROL OF PANCREATIC AND BILIARY SECRETIONS 


The vagus nerves also send fibers to the pancreatic and liver cells. 
Stimulation of a vagus nerve can increase the secretion of pancreatic 
juice and of bile. A psychic flow of both of these digestive juices can 



pancreatic juice. 

be reflexly induced, but this flow is not so important as in the cases 
of salivary and gastric secretion. Cutting the vagus nerve does not pre- 
vent the formation of bile and pancreatic juice. 

The chemical control of these secretions is more important than the 
nervous. When the acid contents of the stomach enter the duodenum 
and come into contact with its mucosa, a chemical substance named 
secretin is liberated. Secretin is present in the mucosa in an in- 
active form, prosecretin, which is activated bv the acid from the 
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gastric juice. Once released, secretin is absorbed into the blood, car- 
ried to the pancreas and liver and promotes the secretory activity of 
these glands (Fig. 61). That it is the acid and not any other constitu- 
ent of the gastric contents which is responsible for the liberation of 
secretin can be demonstrated by the increased secretion of pancreatic 
juice and bile following the introduction of acid into the duodenum. 
Bile salts present in the duodenum aid the absorption of secretin but 
are not essential for it. 

Although the flow of pancreatic juice in response to stimulation of 
the vagus is relatively scanty, the juice is rich in enzymes. Secretin 
induces a profuse, watery secretion relatively poor in enzymes. It may 
be that the secretin-induced flow washes out the enzymes secreted 
under vagal influence and furnishes a good medium of transport into 
the duodenum for them. 

While secretin does increase the secretion of bile, it does not cause 
the gall-bladder to expel its stored bile. Cholecysto\inin, a substance 
liberated by the action of fat on the duodenal mucosa, passes into the 
blood, is transported to the gall-bladder and causes the latter to con- 
tract. The gastric contents thus provoke increased secretion of bile 
and, if fat is present, the emptying of that stored in the gall-bladder. 
Adequate emulsification of fat is insured in this manner. 

THE CONTROL OF THE INTESTINAL GLANDS 

There appear to be both nervous and chemical means of control of 
the intestinal glands, but the evidence still is inconclusive with respect 
to the exact mechanisms involved. Intestinal juice is secreted continu- 
ously but its amount is augmented when food is in the small intestine. 

THE PASSAGE OF FOOD THROUGH THE 
DIGESTIVE TRACT 

Let us now trace how ingested food is mixed with the digestive 
juices and its consistency changed as it is moved through the digestive 
tract. 

MASTICATION 

The movements of the lower jaw — up and down, in and out, and 
from side to side — serve to break up the food into small pieces and 
mix it thoroughly with saliva. Tongue and cheek movements are im- 
portant in pushing food between the teeth and then forming a rounded 
mass {bolus) of the finely divided material. 
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SWALLOWING 

The bolus of mashed food is placed upon the tongue and then rolled 
backward by contractions of the tongue muscles until it rests upon the 
back of the tongue. A muscle underneath the tongue next contracts, 
moving the tongue upward against the roof of the mouth and back- 
ward and propelling the bolus into the pharynx. This first stage of the 
swallowing act is under voluntary control; once food reaches the 
pharynx, however, involuntary reflex control is established. 



Fig. 62 — The reflex elevation of the soft palate until it rests against the back 
of the pharynx prevents food from passing into the nasal cavity during the 
swallowing process. The maintenance of the position of the tongue against 
the hard palate and its backward movement does not allow food to re- 
enter the oral cavity. The upward movement of the larynx under the base 
of the tongue and the epiglottis, plus other factors (see text), prevents food 
from passing into the respiratory passageways. In this diagram all of the 
organs mentioned are shown in their resting positions. 

The muscles of the pharynx contract and the bolus is forced into 
the esophagus. Accessory reflex acts are necessary at this point to pre- 
vent the bolus from passing into the nasal cavity, into the larynx or 
back into the mouth instead of into the esophagus (see Fig. 62). Food 
cannot pass back into the mouth because the tongue remains in the 
position attained in the first stage; it cannot move upward into the 
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nasal cavity because the soft palate is reflexly elevated and blocks the 
pharynx at this point; and it cannot enter the larynx because reflex 
muscular contraction moves this organ upward under the base of the 
tongue and under the epiglottis. At the same time the vocal cords are 
drawn together and respiration is inhibited. Swallowing and respira- 
tion are thus prevented from proceeding simultaneously and swallowed 
material has only one place to go- — into the esophagus. 

PERISTALSIS IN THE ESOPHAGUS 

Once in the esophagus, the bolus is moved downward by peristalsis. 
Peristalsis is a type of movement common to most regions of the 
digestive tract. It consists of a wave of constriction preceded by a 
wave of relaxation, the constriction being produced by contraction of 
the circular muscle in the walls of the tract. Any material in front of 



Fig. 63 — Three stages in the transport of a bolus of food through the 
esophagus by peristalsis. 

the travelling ring of constriction is forced along by it (see Fig. 63). 

Ordinarily each swallow reflexly initiates a wave of peristalsis which 
sweeps the length of the esophagus. Mechanical stimulation of the 
base of the tongue or of the posterior wall of the pharynx readily elicits 
such a wave. Afferent nervous impulses are sent to a swallowing center 
in the medulla of the brain which in turn relays impulses over efferent 
nerves to the circular muscle of the esophageal wall. A peristaltic wave 
can also be set up reflexly by the distention of the esophageal wall. A 
large bolus which cannot be carried the length of the esophagus by a 
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single peristaltic wave can give rise to secondary waves in this manner. 
It is carried nearer and nearer to the stomach by each successive wave. 

Peristalsis in the upper two-thirds of the esophagus depends upon 
the integrity of the vagus nerves which innervate the muscle in its 
walls. The lower third contains smooth muscle whose activity is con- 
trolled by the nervous plexuses lying within the wall. 

Solid or semi-solid food passes from the mouth to the stomach in 
6 to 7 seconds. The peristaltic wave reaches the cardiac sphincter (the 
ring of muscle at the junction of esophagus and stomach) before the 
bolus; the sphincter, which had been contracted, now relaxes and 
food passes into the stomach. Liquids reach the cardiac sphincter in 
less than a second because they are squirted into the pharynx under 
pressure and travel down the esophagus under the influence of the 
force of gravity rather than peristaltic action. The liquid collects above 
the cardiac sphincter until the peristaltic wave, which travels more 
slowly, reaches the sphincter and causes it to relax. 

Animals that swallow liquids in the above manner can drink when 
the head is down, since they can squirt liquid down the esophagus 
even against the force of gravity. In certain birds liquids cannot be 
squirted into the esophagus. Consequently, such birds must raise their 
heads to allow liquids to trickle into the esophagus; peristaltic waves 
then transport liquids down the esophagus. 

MOVEMENTS OF THE STOMACH 

In experimental animals it is possible to observe the movements 
of the digestive tract by direct inspection. In man this is not feasible. 
The best method devised to observe movement of the tract in man is to 
take X-ray photographs of the stomach and intestines during digestion 
of a meal. The meal fed to the subject contains substances opaque to 
X-rays (such as barium salts). These substances outline the contours 
of the organs in which they are present. 

By this method it has been determined that the stomach is quiescent 
before food enters and its cavity, except for that of the fundus which 
is dilated by gas, is non-existent because of the drawing together of its 
walls. The entering food separates the walls by its own weight and 
moves downward. Soon afterwards, peristaltic waves begin about half- 
way down the stomach and travel downward to the pyloric region 
(Fig. 64). These waves are more intense in the region of the pylorus 
than in the body and the waves as a whole become stronger as diges- 
tion proceeds. In the pyloric region wave after wave churns the food, 
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breaks it into smaller and smaller particles, mixes it thoroughly with 
gastric juice, and reduces it to a semi-fluid consistency. 

The stomach is completely emptied of an ordinary meal within 3-5 
hours. Emptying, of course, does not occur all at once, but is a gradual 
process. Every so often a little material is squirted from the pylorus 
into the duodenum. The pyloric sphincter , separating stomach and 



Fig. 64 — Two stages in the peristaltic activity of the stomach. Note that more 
than one peristaltic wave can be present simultaneously. The dotted lines 
indicate the boundaries of the relaxed stomach. 


small intestine, is apparently open most of the time and functions 
somewhat as a strainer. When the gastric contents are of the proper 
consistency, they pass through. Thus, liquids pass through the stomach 
very quickly (a matter of minutes). Of the solid constituents of food, 
carbohydrates pass through most rapidly, then proteins, and finally 
fats. Fats specifically inhibit or reduce gastric motility, so that a fatty 
meal is slow to digest. 

Other factors influence the emptying time, too. If the duodenum is 
full, emptying of the stomach will be slower than if the former were 
empty. The stronger the peristaltic waves are, the faster the stomach 
will empty. The presence of bulk in the stomach distends its walls and 
accentuates peristalsis. Two sets of nerves also exert some influence. 
Cutting them does not abolish movements of the stomach, so that the 
nerve plexuses within the walls appear to be more essential than these 
extrinsic nerves. However, when present and stimulated, one set (the 
vagus nerves) usually augments or initiates peristalsis while the other 
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decreases or inhibits it. Emotional states and exercise generally depress 
gastric motility. 

MOVEMENTS OF THE SMALL INTESTINE 

When the gastric contents enter the intestine, they are moved along 
by peristaltic waves. For the most part, these waves travel slowly and 
only a short distance. At times, faster waves, travelling somewhat 
further, occur. The latter are known as peristaltic rushes. The intestinal 
contents are moved very gradually through the great length (20-odd 
feet) of the small intestine. 

Another type of movement is prominent here — rhythmical segmenta- 
tion . This consists of sharp contractions of segments of the circular 
muscle of the intestinal wall at regularly spaced intervals. Neighboring 



Fig. 65 — Rhythmical segmentation in the small intestine. Note the mixing of 
intestinal contents that this type of activity promotes. 


segments alternately relax and contract as shown in Fig. 65, resulting 
in thorough mixture of food and digestive juices. Rhythmical seg- 
mentation is also important in making intimate contact between the 
intestinal contents and mucosa, which allows for the absorption of 
digested substances. In the ordinary sequence of events, rhythmical 
segmentation proceeds for a time in an intestinal loop and a peristaltic 
wave then moves the contents onward. This sequence is repeated over 
and over again. 

Two sets of extrinsic nerves modify intestinal motility in the same 
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way as similar nerves do in the stomach. These nerves are not neces- 
sary for the maintenance of peristalsis, which is apparently controlled 
by the nerve plexuses within the intestinal walls. Even when these 
plexuses are paralyzed by drugs, rhythmical segmentation occurs. This 
movement must, then, be an inherent property of the intestinal smooth 
muscle. The normal stimulus for intestinal movements is the distention 
of the walls by the intestinal contents. 

MOVEMENTS OF THE LARGE INTESTINE 

The intestinal contents are still semi-fluid when they enter the large 
intestine. Some churning movements which aid in the absorption of 
water occur there. Most of the time there is little movement in this part 
of the alimentary canal. Two or three times a day a strong peristaltic 
wave sweeps over a considerable distance of the large intestine. It is 
similar to, but stronger than, the peristaltic rush seen in the small intes- 
tine. This movement is known as mass peristalsis and carries material 
into the lower portions of the large intestine. The entrance of food 
into the stomach serves as a stimulus for mass peristalsis. The desire 
to move one’s bowels after breakfast, a rather common experience, is 
probably the result of this reflex. 

The intestinal contents take about twelve hours to pass through the 
intestines. They usually remain in the terminal portion of the large 
intestine for another twenty-four hours or longer before evacuation. 
The character of the food eaten, however, can influence the rate of 
movement of materials through the intestines. Exercise and emotional 
states generally increase intestinal activity. 

DEFECATION 

Movement of the bowels is initiated by the passage of fecal material 
from the large intestine into the rectum. A strong peristaltic wave 
then descends along the large intestine and rectum, the longitudinal 
muscle contracts and brings about shortening of the intestine, and the 
anal sphincter relaxes. The feces are forced out through the anus as a 
consequence of these activities. 

The voluntary action of straining often aids in defecation. A deep 
inspiration is taken, the diaphragm descends, and the breath is held 
by the drawing together of the vocal cords and the closing off of the 
respiratory passageway. The abdominal muscles contract strongly. 
Coupled with the maintained contraction of the diaphragm, the con- 
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traction of the abdominal wall increases the pressure within the 
abdominal cavity and its organs. The rise in pressure within the 
rectum materially aids the expulsion of the feces. 

^Formation of the feces. The semi-liquid contents of the small in- 
testine are considerably reduced in weight by the absorption of water 
after having passed into the large intestine. The feces consist of un- 
digested or indigestible food residues (such as cellulose), digestive 
secretions, bacteria, and shed epithelial cells. Of these, food residues 
make up very little of the fecal mass. Feces continue to be formed 
during starvation and their composition is little different from those 
formed on a normal diet. While the mass of the feces may be reduced 
in starvation, the reduction is primarily due to the lack of stimulation 
of secretory activity ordinarily brought about by the ingested food. 

Bacteria are normally present in large numbers in the large intestine. 
Their action on the bile pigments produces compounds which give 
feces their characteristic color. Bacterial action on other compounds 
produces ill-smelling and poisonous substances; the latter are rarely 
absorbed into the blood in amounts which are capable of doing harm, 
but are eliminated in the feces. 

Diarrhea, constipation, cathartics. If for some reason the contents 
of the large intestine move through it too quickly, not as much water 
is absorbed. Loose, frequent bowel movements — diarrhea — result. The 
opposite of this — constipation — occurs when movement of the intestinal 
contents is slow. More water than usual is absorbed and the dry, hard 
feces that are produced are passed with greater difficulty. Constipation 
is much more rarely caused by some organic defect than by the habit 
of voluntarily restraining defecation. Under the latter conditions, the 
rectum adapts itself to the increased bulk of feces and the desire to 
move the bowels subsides. Regular habits of defecation will do more 
to relieve the condition than subscribing to the use of cathartics or 
laxatives. Repeated use of cathartics tends to aggravate rather than 
cure constipation; it is as if the bowels come to “expect” the assistance 
of some outside force to aid their movements. If constipation is chronic, 
it is far better to get medical advice than to depend on widely adver- 
tised “panaceas.” 

ANTIPERISTALSIS 

Peristalsis, as we have seen, is a wave-like movement carrying materi- 
als in the alimentary canal away from the mouth. Normally and ab- 
normally similar movements travelling in the opposite direction are 
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common to various parts of the digestive tract and are known as 
antiperistaltic movements. 

“Heart burn” is attributed to the stimulation of the esophageal lining 
by acid fluid moved upward by antiperistalsis in the stomach. Belching 
is believed due to antiperistaltic expulsion of gas from the stomach. 
Antiperistalsis occurs normally in the small intestine and may cause 
material to be returned to the stomach. It apparently functions, in most 
cases, to prevent too rapid movement of food through the intestine. 
Abnormally, antiperistalsis can result from obstruction of the intestines, 
the intestinal contents passing back into the stomach and then being 
vomited. 

VOMITING 

Vomiting is a reflex act aroused by afferent impulses from the 
stomach or some other part of the body or by impulses originating in 
parts of the brain. These impulses pass to the vomiting center in the 
medulla which relays impulses to the various muscles involved in the 
process. The act of vomiting begins with some strong peristaltic waves 
followed by a powerful constriction of the lower part of the stomach 
and relaxation of the stomach and cardiac sphincter above the con- 
stricted ring. Strong contractions of the diaphragm and abdominal 
muscles then force the gastric contents through the relaxed stomach 
and equally relaxed esophagus. Respiration is inhibited during the 
process. 

HUNGER CONTRACTIONS 

A few hours after a meal, when the stomach is nearly empty, we 
sometimes begin to feel hungry. The feeling that results is difficult to 
localize and its origin is obscure. As time goes on, hunger pangs de- 
velop. These we are able to localize to the upper part of the abdomen, 
that is, to the “pit of the stomach.” These pangs are unpleasant sensa- 
tions which follow one another for some time. They then disappear but 
will return periodically so long as the stomach remains empty. 

Dr. Cannon of Harvard University and Dr. Carlson of the University 
of Chicago were mainly responsible for demonstrating that hunger 
pangs were caused by the contractions of the empty stomach (Fig. 66). 
About three hours after a meal, strong peristaltic movements occur 
in the stomach. These follow one another for about thirty minutes, 
hunger pangs being felt at the time of the contractions. Contractions 
generally disappear for one-half to two hours following a “hunger 
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period." A new hunger period then begins. This periodic alternation 
of activity and quiescence continues throughout fasting. After a few 
days, however, the pangs may lessen in intensity and disappear. Hunger 
contractions and pangs may be lessened by compression of the abdo- 
men (“tightening the belt”), smoking, exercise, and taking a cold 
bath or shower. 

What causes these contractions is not at all clear; nor is it known 
bow the peristaltic contractions of the empty stomach give rise to con 



Fig. 66 — Hunger contractions. A balloon connected by rubber tubing to a 
recording system is passed into the empty stomach of a man and there in- 
flated. The pressure of the peristaltic contractions of the stomach is trans- 
mitted through the balloon to the recording system and inscribed on smoked 
kymograph paper. A record like the above is recorded during a hunger 
period. A hunger pang is usually associated with the large contractions. 

scions sensations while the same type of contractions pass entirely un- 
noticed during digestion of a meal. 

Hunger is a crude, painful sensation, inherited by the individual 
and not modified by his experience. Appetite, on the other hand, is the 
desire for food which may accompany hunger but is not the same 
thing. Appetite is a sensation capable of modification by experience 
and is not inherited. We may still have an “appetite” for dessert, for 
instance, after our hunger has been satiated. 

I THE ABSORPTION OF FOOD 

The end products of digestion — simple sugars, amino acids, fatty 
acids, and glycerol — plus other elements of food (such as vitamins. 
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salts, and water) are of no use until absorbed into the blood and car- 
ried to cells all over the body. 

Most absorption occurs in the small intestine. The exceptions to this 
are the absorption of alcohol by the stomach, the absorption of water, 
some inorganic salts, and, at times, glucose by the large intestine. The 
absorption of alcohol by the stomach accounts for the rapidity with 
which alcoholic drinks may take effect. The ability of the large intes- 
tine to absorb glucose is made use of in rectal feeding; solutions of 
glucose are given by enema and absorbed into the blood. 

The finger-like extensions of the mucosa of the small intestine, the 
villi, project into its lumen and expose a huge surface through which 
absorption may take place. Movements of the villi from side to side 
and up and down are brought about by smooth muscle in their walls. 



Fig. 67 — A section of the wall of the small intestine. One villus with its 
blood and lymph supply is shown greatly magnified. 


In helping to stir up the intestinal contents these movements aid in 
the digestion and absorption of substances. Within each villus (see 
Fig. 67 ) there is a blood capillary loop and a small lymph vessel. Sugars 
and amino acids, after passing through the epithelium of a villus, dif- 
fuse into the capillary and are taken off by the blood. Fatty acids and 
glycerol, however, seem to be re-formed into fat in their passage 
through the epithelium. Most of the fat then passes into the lymph 
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vessel. The latter is called a lacteal, because, after a meal, it is filled 
with milky-white fat. Water and salts are also absorbed into the blood 
here, though the greater part of water absorption takes place in the 
large intestine. 

The processes of osmosis and diffusion play important parts in the 
transfer of substances from the intestinal lumen into the vessels within 
a villus. But these processes cannot account for all the phenomena of 
absorption. For instance, a salt solution of lesser concentration than 



Fig. 68— Absorption in the small intestine. Very large molecules cannot pene- 
trate the wall of the villus. Most others enter the blood stream in the villus, 
fat entering the lacteal, however. NaCl = sodium chloride; MgSC >4 = mag- 
nesium sulphate. 

that in the blood can be absorbed; or, if some of the animal’s own 
blood is introduced into the intestine, it can also be absorbed. These 
facts cannot be explained on the basis of physical processes alone. Evi- 
dently the cells of the mucosa are doing actual work in absorbing 
some substances. The cells also show a preference as to which sub- 
stances they will “accept.” Thus, sodium chloride is easily absorbed 
but magnesium sulphate (epsom salts) is not. This is not a matter 
of the size of the molecules because, although the magnesium sulphate 
molecule is larger than that of sodium chloride, glucose, which has a 
larger molecule than magnesium sulphate, is readily absorbed (see Fig. 



THE DIGESTIVE SYSTEM 129 

68). We can understand, therefore, that some of the factors involved in 
absorption need further clarification.^ 

SOME DISEASES OF THE DIGESTIVE SYSTEM 

Gallstones. Substances insoluble in the bile may act as the nuclei for 
gallstone formation. Cholesterol, found in the bile, is a frequent com- 
ponent of gallstones. Calcium carbonate, bile pigment, and perhaps 
masses of bacteria are also found in some gallstones. The stones usually 
begin to form in the gall-bladder and grow larger there. If they remain 
in the bladder, nothing of great consequence results. If, however, when 
the gall-bladder contracts, they are forced into the bile duct, they can 
obstruct the passage of bile. In such a situation a great deal of pain 
may result and surgical removal of the stones is necessary. The stones 
will not dissolve of their own accord nor can they be made to dissolve 
in the body. 

Jaundice. Bile pigment is ordinarily present in blood to a very slight 
extent. If too many red blood cells are destroyed and more bile pig- 
ment formed than the liver can excrete or if the liver is damaged or 
the bile ducts blocked, bile pigment is diverted into the blood in 
greater than normal amounts. In time some of this excess pigment dif- 
fuses into the tissues and imparts to them the characteristic yellow 
color of jaundice. 

Appendicitis. The appendix (see Fig. 5 7), a vestigial structure 
(evolutionary remnant) of the human digestive tract, has no known 
function. Infection of this organ, appendicitis, is dangerous because 
rupture of the appendix can liberate many infectious organisms from 
the appendix and intestines into the abdominal cavity. If this should 
happen, peritonitis (inflammation of the peritoneum) and death may 
result. As you know, an infected appendix can be easily removed by 
surgical means. 

Ulcers. A round, eroded area {ulcer) of the wall of the stomach 01 
duodenum is a not uncommon occurrence. There is some evidence that 
the action of pepsin and hydrochloric acid on the gastric mucosa may 
produce an ulcer. At any rate, when an ulcer is not due to a specific 
disease or to some nervous disorder, it is found only in those regions 
of the digestive tract that are exposed to acid. And even if such ulcers 
are not produced by acid or peptic action, the presence of acid aggra- 
vates the condition. Treatment is generally dietary in nature. The diet 
of patients with ulcers is calculated to avoid mechanical irritation 
of the ulcers and to reduce gastric secretion. The elimination of bulky 
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foods from the diet reduces mechanical irritation; meat, alcohol, and 
highly spiced foods (which stimulate the gastric glands) are excluded 
but large amounts of milk and cream (whose fat content tends to 
inhibit gastric secretion) are included. Alkali, such as sodium bicar- 
bonate, may also be included for the purpose of neutralizing the acid 
in the stomach. 


CHAPTER VII 


The Excretory System 


The contractile vacuole acts as the “excretory system” of Amoeba. In 
some of the early multicellular animals, cell wastes diffuse into the 
general body cavity on which many cells border, and thence out the 



same opening through which foods enter. In some more advanced 
kinds of invertebrates in which a segmental body pattern is found, 
each segment (except those of the “head” region) contains two tubes 
or series of tubes, one on each side of the body; waste materials from 
the cells of the segment eventually enter these tubes and pass out of 
the body through pores on the external surface. 
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Tn vertebrates the kjdneys take over most, though not all, of the 
excretory function; other excretory organs are the lungs, s\in and large 
intestines . As we have noted, the lungs excrete carbon dioxide and 
some water. The sweat glands of the skin excrete water and salts, 
though, as we shall see in Chapter XVI, the elimination of water here 
is more important in the regulation of body temperature than it is in 
excretion. The lining of the large intestine excretes calcium and iron 
into the lumen and these metals are then eliminated with the feces. 
Most other constituents of .the feces are not considered as excretory 
products since they are not metabolic wastes. The bile pigments may, 
however, be classed as excreted substances since they result from the 
breakdown of hemoglobin in the liver. It may also be mentioned that 
the salivary glands help to excrete heavy metals, such as mercury and 
lead, when they are introduced into the body. In lead poisoning the 
blue line on the gums is produced by deposition of lead sulphide, the 
latter being formed by the reaction of lead excreted in the saliva with 
sulphur present in the tartar on teeth. 

We shall mean by excretion the extraction by certain cells of meta- 
bolic wastes from the blood. The body then rids itself of the wastes by 
accessory mechanisms. For example, the kidney cells are responsible 



Fig. 70 — A vertical section through the kidney and ureter. 


for the removal of many wastes found in the blood. These wastes com- 
bine W'ith water in the body to form urine, which is then removed 
from the body via the ureter, urinary bladder, and urethra. 
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THE ANATOMY OF THE URINARY SYSTEM 

The \idneys are two bean-shaped organs lying in the back of the 
abdominal cavity, not far below the diaphragm and just outside the 
peritoneum. When a kidney is sliced in half vertically, two main 
layers of its substance can be seen (as shown diagrammatically in Fig. 
70). Just beneath the tough, connective tissue sheath which encases 
the kidney is the outer layer, the cortex. This layer merges with an 
inner layer, the medulla, consisting of a number of cone-shaped divi- 



sions, the renal pyramids. The apex of each pyramid extends into a 
central sac, the renal pelvis. 

Microscopically the kidneys are composed of a number of tubular 
units, nephrons. Each nephron (see Fig. 71) begins as a renal capsule 
from which leads a long tube. The capsule consists of two layers of 
thin, flat epithelial cells enclosing a cavity which is continuous with 
the lumen of the tube. The tube can be subdivided into a number of 
distinct parts. Leading directly from the capsule is a much twisted 
portion called the proximal (near) convoluted tubule. This is followed 
by Henle’s loop and then a second twisted portion, the distal (far) 
convoluted tubide. These tubules have walls composed of cuboidal 
epithelial cells except for a small part of Henle’s loop. The distal con- 
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voluted tubule leads into a collecting tubule (not considered part of 
the nephron) which joins with other similar tubules to form larger 
ones. The latter empty into the renal pelvis. The capsule and the proxi- 
mal and distal convoluted tubules are in the cortex; Henle’s loop and 
the major portion of the collecting tubules are in the medulla. Each 
kidney contains about one million nephrons, each of which is about 
two inches long when straightened. The combined length of the 
nephrons in the kidneys is about forty-five miles. 



Fig. 72— -The blood supply o£ the nephron. Compare with Fig. 71. Arrows 
indicate the direction of flow of blood. See text for complete description. 

Several features of the kidney’s blood supply are of special impor- 
tance to an understanding of its function in urine formation. The renal 
artery enters the kidney at the h Hum (see Figs. 69 and 70), and breaks 
up into many branches which run through the medulla and eventually 
into the cortex. Arterioles stem from the arteries in the cortex and run 
to the renal capsules. Each arteriole then breaks up into a number of 
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capillary loops which push into the cup formed by the capsule (see 
Fig. 72). This tuft of capillaries is called a glomerulus. Each capillary 
loop is separate from and has no connection with any other. The capil- 
lary loops reunite to form an arteriole which leaves the capsule only 
to break up into a number of capillaries once more. The latter supply 
blood to the tubules. The capillaries then unite to form small veins 
and these eventually merge into the large renal vein which leaves the 
kidney at the hilum. 

The ureter is the tube which conducts urine from kidney to bladder. 
It has three layers of smooth muscle in its walls as has the bladder. 
The latter is a very distensible, hollow organ. Urine is voided from 
the bladder via another tube, the urethra, which runs through the penis 
in the male and into the vestibule in the female. 

THE FORMATION OF URINE 

Only during the last twenty years has a theory of urine formation 
been developed which will explain most of the known facts in the mat- 
ter. Previously controversies among physiologists had raged over the 
question whether the kidneys merely filtered urine from the blood or 
the kidney cells actually secreted it. The “modern theory” is built upon 
the first hypothesis but modified to fit the experimental data that have 
accumulated. 


FUNCTION OF THE RENAL CAPSULE 

The anatomical features of the renal blood supply and the fact that 
the inner layer of capsular cells fits over the glomerular capillaries like 
a “glove over fingers” strongly suggest that materials filter out of the 
glomerulus into the renal capsule. The cells of the capillary and cap- 
sular walls which separate their respective cavities are thin and flat. They 
would, then, be well adapted for filtration of materials through them. 

There are two lines of evidence that support such a functioning of 
the glomerulus and capsule. First of all, to enable filtration to occur 
there must be an adequate pressure difference between the fluid in the 
glomerular capillaries and that in the capsule. Measurements have 
shown that the glomerular capillaries have very high blood pressure 
compared to those in other regions of the body. This exists because 
of the peculiar arrangement of the renal blood supply. The renal artery 
is a direct branch of the aorta and quickly branches into smaller divi- 
sions. Thus, the pressure in it is not so quickly diminished as it is 
when the arterial course is longer. Also, the arteriole leading out of 
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the glomerulus has a diameter only half that of the one leading into 
it (see Fig. 72). This condition causes considerable resistance to out- 
flow of blood from the glomerulus and consequently increases the pres- 
sure in the glomerular capillaries. 

The pressure of blood in the glomerular capillaries has been found 
to be considerably greater than the sum of the osmotic pressure of the 
blood proteins (which tends to draw fluid into the blood) and of the 
fluid pressure in the cavity of the renal capsule (which opposes the 
blood pressure in the capillaries). From the standpoint of pressure 
differences, then, a filtration mechanism is possible and plausible. Ex- 
perimental evidence bears this out. If the pressure in the glomerular 
capillaries is raised, urine formation is increased. If the blood osmotic 
pressure is reduced, there is also an increase. But, if the ureter is 
clamped off (thus increasing the pressure within the capsule), urine 
flow diminishes. 

More striking evidence was provided by Dr. Richards and his co- 
workers. Fluid was sucked out of the renal capsule of the frog kidney 
by means of a very fine tube. This is a very delicate procedure, precise 
manipulations being directed by microscopic observation. Having 
drawn out a sample of the fluid in the capsule, these physiologists then 
chemically analyzed it. They found that it had the same composition 
as the blood plasma, except that none of the plasma proteins was 
present. Since the protein molecules and the blood cells are too large 
to diffuse through these capillary walls, this is the composition of 
solution we should expect to be present when blood filters into the 
renal Capsule. 

FUNCTION OF THE RENAL TUBULES 

When the capsular fluid is compared with urine in the bladder, 
marked differences in composition are detected. Since the ureter and 
the bladder do nothing but transport and store urine, changes in com- 
position must occur in its passage through the renal tubules. It has 
been estimated that about 200 liters of fluid are filtered into the kidneys 
each' day, yet only about i 1 A -2 liters of urine are voided during an 
average day. Obviously a great deal of water must have returned to the 
blood in the tubules. It has been found that this occurs primarily 
in the ascending portion of Henle’s loop and in the distal convoluted 
tubule. 

Other changes also take place. Plasma and capsular fluid contain 
sugar (glucose); urine normally does not. Urea (a waste product of 
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protein metabolism), on the other hand, is relatively much more con- 
centrated In urine than in blood. Changes of concentration of solid 
wastes in the urine as compared with blood and capsular fluid must 
occur in the tubules. The latter must reabsorb solid materials as well 
as water. However, as the examples just mentioned illustrate, not all 
solids are reabsorbed to the same degree. While all sugar is ordinarily 
reabsorbed, a much smaller proportion of urea is normally returned 
to the blood. 

Because of properties as yet unknown, the tubules carry on selective 
reabsorption of solids. Some solids are called high threshold sub- 



Fig. 73 — A diagram to illustrate excretion of glucose by the kidney. Normally 
glucose is being supplied to the blood from the liver and drained from the 
blood by the tissues. At its normal blood level no glucose “spills over into 
the urine.’’ Upon reaching a certain concentration in the blood, however, 
the tubules are unable to reabsorb the excess amount of glucose which then 
appears in the urine. 

stances because the tubules can reabsorb relatively large concentrations 
of them; only when their concentration in the blood exceeds that 
which the tubules can absorb will they appear in the urine. Glucose, 
for instance, is generally completely reabsorbed. But, if we raise the 
blood glucose concentration above normal (by injecting glucose into 
the blood or by eating a bar of candy), the amount in excess of the 
.threshold concentration will “spill over” into the urine (see Fig. 73). 
Other solids are low threshold substances; that is, they need have only 
a relatively low concentration in the blood before beginning to appear 
in the urine. Urea is such a substance. Those substances which the 
body cannot utilize have lower thresholds than substances valuable to 
the body. The wastes are largely excreted, then, while essential blood 
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constituents are largely conserved. Excesses of the latter, though, are 
wastes and are also excreted. 

It has also been suggested that the tubule cells actually secrete some 
substances from the blood into the urine. While this does occur in 
some of the lower vertebrates (and even in man with respect to certain 
dyes and other substances), it is still doubtful whether it is significant 
in the normal formation of urine. 

SUMMARY 

A protein-free filtrate of plasma passes into the renal capsules from 
the glomerular capillaries. In its passage through the renal tubules, this 
filtrate loses water and some of its dissolved substances by selective 
reabsorption and may gain some substances by secretory activity of 
the tubules. The urine is then conveyed by collecting tubules to the 
ureter and thence to the bladder. Urine is composed especially of water 
and waste materials. 

THE CONTROL OF URINE VOLUME 

Anything which will increase the blood pressure in the glomerular 
capillaries will increase the filtration of fluid into the renal capsules. 
If a large amount of water is drunk, blood volume tends to increase; 
the consequent rise in general blood pressure and in glomerular blood 
pressure increases the rate of filtration; consequently the volume of 
urine formed is augmented. When fluid intake is cut down or when 
states of fever and dehydration exist, the converse holds true, and a 
scantier urine flow results. To a large extent the work of the kidney 
thus controls the volume of circulating blood. 

Another factor in the control of urine volume is the concentration 
of solids in the capsular and tubular fluids. The greater the concentra- 
tion of substances, the greater the osmotic pressure of the fluid. When 
the osmotic pressure is higher and tends to draw fluid into the tubules, 
less can be reabsorbed into the blood and a greater urine flow results. 

The excretion of greater amounts of urine than normal is called 
diuresis and a substance producing it a diuretic. Many substances act. 
as diuretics in the way just described in the preceding paragraph. 
Glucose (in large amounts) and urea act as such diuretics. Alcohol acts 
as a powerful diuretic, probably by slowing up tubular reabsorption. 
Caffeine, the drug present in coffee, produces diuresis by increasing 
the blood flow through the kidneys. 
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URINATION 

Urine is continually being formed and transported to the bladder by 
peristaltic movements of the ureter. When the amount of urine in the 
bladder is about 300 cc., the distention of the bladder’s walls gives rise 
to the desire to urinate. The act of urination is essentially an uncon- 
scious reflex which, however, is subject to voluntary control. 

The necessary reflex movements involved in urination are contrac- 
tion of the muscular walls of the bladder and relaxation of a sphincter 
which surrounds part of the urethra. Considerable pressure (which 
may be increased by straining movements) is set up in the bladder and 
the urine is forced out through the urethra. Voluntary restraint of 
urination is effected by maintaining the contraction of the sphincter. 

REGULATION OF ACIDITY OF THE BLOOD 

Blood is normally slightly alkaline; that is, it contains a slight excess 
of hydroxyl over hydrogen ions (see Chapter II). The proportion of 
these ions must be maintained for the proper functioning of most of 
the tissue cells which are bathed by the blood and other body fluids 
derived from it. Under normal physiological conditions bodily mech- 
anisms adequately preserve the balance between these ions, never 
allowing more than slight variations to occur. 

Much of the regulation of acidity is accomplished within the blood 
itself by its proteins (both hemoglobin and the plasma proteins). 
These proteins are called buffers because they can react with either 
acid or basic substances and immobilize their hydrogen or hydroxyl 
ions. And, since the resulting “protein-acids” or “protein-bases” ionize 
to a slighter degree than the acids or bases with which they react, 
fewer hydrogen or hydroxyl ions will be in solution. 

For example, carbon dioxide when it diffuses into blood reacts with 
water to form carbonic acid: 

co 2 + h 2 o h 2 co 3 

Carbonic acid then reacts with the potassium (K) salt of hemoglobin 
as follows: 

H 2 C0 3 + KHb -» KHCOg + HHb 
The acid form of hemoglobin (HHb) ionizes to a lesser degree than 
carbonic acid so that the number of hydrogen ions in the blood is 
reduced. By such reactions the entrance of acid into the blood is pre- 
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vented from making blood more acid than is healthful. Excess alkali in 
the blood is treated similarly. 

There are, however, more acid than alkaline products of metabolism, 
so that neutralization of acid is generally a more urgent problem than 
neutralization of alkali. The distal convoluted tubules of the kidney 
also aid in regulation of acidity. For one thing, their cells produce 
ammonia (NH 3 ) from urea and from amino acids. Ammonia reacts 
with water to form a base, ammonium hydroxide: 

NH 3 + H 2 0 -» NH 4 QH 

This base in turn can react with acids to neutralize them. The neutral 
salt that results is excreted by the kidneys. In addition to neutralizing 
the acid, the ammonium hydroxide serves in place of a sodium or 
potassium alkali; that is, the latter would have to be used to neutralize 
the acid if ammonia were not present. Since ammonia is a waste 
product and sodium and potassium salts are very useful to the body, 
this series of reactions conserves valuable materials. 

The kidneys also excrete some acids of the blood directly and con- 
vert some alkaline substances into more acid ones. The urine, therefore, 
is generally acid although the blood is slightly alkaline. The kidneys, 
then, by excreting an acid urine help to maintain the blood at a con- 
stant acidity. 

ABNORMAL FUNCTIONING OF THE KIDNEYS 

During infectious diseases, bacteria or the toxic substances they 
secrete may get into the blood and thence into the kidneys. Severe 
and prolonged kidney disease can prove fatal, since waste products will 
not be adequately eliminated from the blood. 

Poisoning by lead, arsenic, mercury, or other chemical poisons can 
also lead to disturbances of kidney function. 

Arteriosclerosis of the renal blood vessels* may prevent some parts 
of the kidneys from receiving a proper blood supply. Such parts will 
die and the kidneys may have insufficient nephrons functioning to 
maintain the health of the individual. There is a considerable margin 
of safety, however, for even when one kidney is removed, the organism 
will survive with no ill effects. 



CHAPTER VIII 


The Skeleton 


Many of the lowest forms of animal life have no rigid structural frame- 
work at all. In the invertebrates (animals without backbones) the 
skeleton, when it is present, is a rigid case deposited on the outside 
of the body. The shells of oysters and clams and the hard outer cover- 
ings of insects are examples of such external skeletons. External skele- 
tons are adequate for these animals but limit them both as to body 
size and flexibility of movement. 

The vertebrates (animals with backbones) have internal skeletons 
which are basically very similar for organisms ranging from fish to 
man. There are, of course, various modifications that occur in animals 
whose modes of living and locomotion are very different. Since the 
internal skeleton is capable of growth, vertebrates can grow very large 
(elephant, whale, dinosaur). The different ways in which the various 
bones are attached to one another permit varying types of locomotion 
and, in some vertebrates, quite complex kinds of movement (move- 
ments of the hand, thumb, and fingers in monkeys, apes, and man). 

THE BONES OF THE SKELETON 

Some fish (sharks, dogfish, etc.) have skeletons composed of carti- 
lage; man, like most vertebrates, has a bony skeleton. The human 
skeleton consists of the s\ull, the vertebral column (backbone), and 
its attachments. The latter include the ribs, the pectoral (shoulder) 
girdle, and the pelvic (hip) girdle. The limbs in turn are attached to 
the girdles, and the sternum (breastbone) is attached to the ribs. 

The skull is made up of a number of fused bones, the only movable 
one being the mandible (lower jaw). The backbone consists of a chain 
of thirty-three vertebrae. These relatively small bones, which fit on top 
of one another, are composed of a solid base, on the dorsal side of 
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Fig, 74 — Diagram o£ the skeleton. 
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which is an arch (Fig. 75). In the cavity formed by the holes in the 
arches of the vertebrae lies the spinal cord. The twelve pairs of curved 
ribs articulate (make a joint) with the thoracic vertebrae in back. The 
first seven articulate directly with the sternum in front. The eighth 
through tenth ribs are shorter than the first seven and are connected 
by cartilage to the seventh rib. They are thus only indirectly attached 
to the sternum. The eleventh and twelfth are the “floating” ribs, so 
called because they have no attachment to the sternum. 



On each side of the body, the pectoral girdle consists of the scapula 
or shoulder blade and the clavicle or collar bone. The pelvic girdle con- 
sisted originally of three bones on each side. In man each set of three 
has fused into a single bone, the innominate. Each innominate bone 
articulates with the sacrum (the bone formed by the fusion of the five 
sacral vertebrae). The sacrum and innominate bones are collectively 
called the pelvis. 

The arm and leg are constructed similarly. The upper portion of 
each consists of one long bone, the humerus and femur respectively. 
The lower arm is made up of two bones, the larger, the ulna and the 
smaller, the radius. The lower leg, in like fashion, is made up of the 
tibia and fibula. A number of small bones comprise the wrist and ankle, 
the car pals and tar sals respectively. The major portion of the hand 
consists of the metacarpals, of the foot, the metatarsals. The phalanges 
(singular, phalanx ) are the bones of the fingers and toes. 

FUNCTIONS OF THE SKELETON 

The skeletal functions are protection and support. The modes of 
articulation of the bones also permit a wide range of movements. 
These latter will be discussed more fully in Chapter XVII. 

The skull completely encloses the brain and its closely-knit bones 
offer adequate protection to this vital organ from all but heavy external 
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blows. The skull also protects some of our important sense organs. The 
eyes are sunk fairly deep into bony sockets and further protected by 
the overhanging bony brows. The internal ears (in which the sense 
organs for sound are located) are embedded within the temporal bones 
of the skull. The sense organs for smell and taste are in the nose and 
mouth cavities, protected by the bones which surround these cavities. 
The bones of the face also give it its characteristic contours. 

The vertebral column encloses and protects the spinal cord. It also 
furnishes a somewhat rigid support for the body. At its head end it 
allows for movements of the skull, in the thorax it serves as one attach- 
ment for the ribs, and at its lower end it fits into the pelvic girdle to 
form a solid support for the weight of the body above this region. The 
last four vertebrae make up the coccyx which has no function but is 
the vestige of the tail we lost during evolutionary development. 

The “cage” formed by the thoracic vertebrae, ribs, and sternum 
offers some protection to the heart and lungs. These bones are, of 
course, of great importance in allowing for the essential respiratory 
movements. 

The pectoral girdle serves mainly as a place of attachment for the 
arm. The latter functions as a grasping, balancing, and defensive organ. 
The opposable thumb of monkeys, apes, and man is a great evolu- 
tionary advance, enabling such animals to grasp and wield objects in 
ways that were never possible before its advent. 

The pelvic girdle, besides serving as a place of attachment for the 
legs, distributes the weight of the body to them. The legs are more 
sturdily constructed than the arms, a fact correlated with the weight 
they have to support. The body weight is distributed by the femurs 
and tibias to the arches of the feet. The arch then distributes the 
weight to the ball and heel of the foot, making for a stronger base of 
support and for better balance. Women’s high-heeled shoes, although 
an aesthetic adornment, distort this distribution and also tend to cramp 
the feet. Such shoes can in time seriously impair the normal function 
of the feet. 

THE STRUCTURE OF RONE 

Bone is composed mainly of mineral matter. Even so hard a tissue as 
fresh bone, however, contains 25 per cent water. Another 30 per cent 
consists of organic material, mainly protein. The remaining 45 per cent 
is made up of inorganic compounds, especially calcium phosphate. Cal- 
cium carbonate, one form of which we know as marble, is also present. 



THE SKELETON 


145 


This is the composition of bone exclusive of its fatty marrow. On 
splitting a long bone longitudinally, we may see the yellow marrow 
filiino- up the cavity of the shaft. The osseous tissue itself constitutes 
the thick outer shell (Fig. 76). In the ends of such a bone, red blood 
cell-forming marrow is interspersed with thin, needle-like bits of bone. 



As pointed out in Chapter III, layers of osseous tissue are laid down 
in concentric circles around small canals which run lengthwise in the 
shaft. These canals contain blood vessels. Nutrient materials are carried 
from the blood to bone cells by a network of even smaller canals. Waste 
materials pass in the reverse direction. 

Flat hones (ribs, skull bones, etc.) contain only red marrow in their 
cavities but are otherwise much like long bones. 



CHAPTER IX 


The Muscular System 


By means of its neuromuscular apparatus an organism can respond to 
changes in its environment. The structures comprising this apparatus 
were not present in the lowest forms of animal life, but appeared only 
gradually during the course of evolution. 

In Amoeba there is no specialized part of the cell to respond to an 
external stimulus. When a change in the environment occurs, the cell 
as a whole responds. In a slightly more advanced animal, the sponge, 
muscle cells make their first appearance. These cells contract in direct 
response to stimuli. In animal forms succeeding the sponge, muscle 
cells usually do not respond directly to stimuli, but contract in response 
to nervous impulses which control their activity. However, even in 
man a few muscles retain their independence of the nervous system. 
For example, the muscles of the intestinal villi are not under nervous 
control, 

THE PROPERTIES OF SKELETAL AND SMOOTH 
MUSCLE 

We have already discussed the activity of cardiac muscle in Chapter 
IV and have seen various manifestations of smooth muscle or involun- 
tary activity. The latter type of muscle is concerned with movements 
of internal organs other than the heart. Skeletal or voluntary muscle, 
on the other hand, makes possible the movements of the skeleton and, 
in some instances, the skin. 

Since skeletal muscle is primarily concerned with movements adjust- 
ing the body to its external environment, and smooth muscle with 
movements in response to internal environmental changes, we might 
expect to find differences in their anatomical and physiological prop- 
erties. In Chapter III we have noted differences in their gross and 
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microscopic structures. There are also differences in their nervous con- 
nections. Skeletal muscle cells have only one nerve fiber innervating 
them while smooth muscle cells usually have two different kinds of 
nerve fibers innervating them. Skeletal muscle contracts when nerve 
impulses reach it, relaxes when impulses are no longer sent to it; 
smooth muscle contracts when impulses along one kind of nerve fiber 
reach it, relaxes when impulses along the other kind are relayed to it. 
Skeletal muscle is not able to function normally in the absence of the 
nerves that control it, but some, at least, of the smooth muscles can — 
those of the intestinal villi or those responsible for rhythmical segmen- 
tation in the small intestine. 

Both smooth and skeletal muscle are characterized, when compared 
with other kinds of tissue, by their especial contractility. Both, too, 
are more irritable than most tissues. Skeletal muscle, however, is much 
more sensitive to electrical stimulation than smooth, (a weaker current 
being needed to activate the former) while the reverse holds true for 
their sensitivity to chemical stimuli (smooth muscle being more easily 
affected by drugs, for instance). 

Skeletal muscle contracts and relaxes more quickly than smooth, 
vyhile smooth muscle is able to maintain a contracted state over longer 
periods of time than can skeletal. Changes in the external environment 
can occur more quickly as a rule than in the internal environment, and 
adjustments to such changes often have to proceed just as quickly. The 
rapidity with which skeletal muscles react may mean the difference 
between life and death. 

THE PHYSIOLOGY OF SKELETAL MUSCLE 

We know comparatively little about the mechanisms at work in the 
contraction of smooth muscle, so that we shall concern ourselves with 
the activity of skeletal muscle. 

EXCITATION OF MUSCLE 

In the body, skeletal muscle is normally excited only when nerve 
impulses reach it. There is not, however, a one-to-one relationship 
between nerve fibers and muscle cells. Rather one nerve fiber branche.' 
considerably and innervates a number of muscle cells (as many as 
200). The nerve fiber plus the muscle cells it innervates is called a 
motor unit (Fig. 78). At the junction of the branch of the nerve fiber 
and the muscle cell the two types of protoplasm are not continuous 
with one another. There is a specialized bit of tissue found here, the 
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myoneural junction, which relays the nervous impulse to the muscle 
cell, thus bringing about contraction o£ the latter. 

Even though muscle is normally only excited by a nerve impulse, It 
can be shown to be independently irritable. Direct stimulation of the 
muscle causes it to contract. But, to prove this point, we must make 



Fig. 78 — Part of a motor unit — a nerve fiber sending branches to three 
skeletal muscle fibers. 

sure that the contraction of the muscle was not due to excitation of 
the ends of the nerve fibers embedded in the muscle. Removal of the 
nervous influence can be accomplished in two ways: by cutting the 
nerve and allowing time for its degeneration, or by injecting into the 
blood of an experimental animal the drug “curare.” This drug paralyzes 
the myoneural junction and thus prevents the passage of impulses from 
nerve to muscle. After either of these procedures, stimulation of muscle 
can cause it to contract. It must then be irritable in its own right. 

We find also that a muscle is sensitive to, and will respond to, all 
kinds of stimuli (changes in the environment) — electrical, mechanical 
(pinching), thermal (touching it with a hot rod), or chemical (placing 
some salt on it). 

However, we find that every stimulus will not activate a tissue, espe- 
cially very irritable ones such as muscles and nerves. For in order 
to be adequate a stimulus must fulfill certain conditions. First of all, 
it must be of minimal intensity. For instance, an electric current that 
is too weak is not effective. Then the stimulus must last for a minimal 
length of time. An electric shock that is too brief will not excite. And 
lastly, there must be a minimal rate of change of intensity; that is, the 
intensity must build up to adequate strength quickly enough in order 
to be effective. 

MUSCLE CONTRACTION 

To study the mechanisms at work in muscle contraction it is neces- 
sary to record the contractions graphically. An apparatus like that in 
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Fig. 79 is very often used. This is practically the same as the apparatus 
for recording heart beat (Fig. 28). When the muscle contracts, the 
muscle lever moves upward. 

All-or-none response. Taking the isolated calf muscle of a frog and 
stimulating it with a series of electrical stimuli of increasing intensity. 



Fig. 79 — Apparatus used for recording muscular contractions. The contract- 
ing muscle pulls toward, the clamped bone to which it is connected and 
moves the muscle lever upward. The contraction is inscribed upon the 
. kymograph paper by the writing point. 

we can get a record like that in Fig. 80. Note that with very weak 
stimuli (1, 2) the muscle does not respond. This means that muscle 
has a certain threshold of irritability, that stimuli must be of a certain, 
minimal intensity to excite it. With gradually increasing intensity, 
stimuli 3 through 8 evoke gradually increasing muscular contractions. 
But although stimuli 9 and 10 are of greater magnitude than 8, the 
responses to them are of the same height as the response to 8. Stimulus 
3 is called a minimal stimulus because it evokes the first observable 
response. Stimulus 8 is called a maximal stimulus because it produces 
the greatest observable response. 



Application 


■ .'/ C 


Fig. 8o — Muscular contractions in response to stimuli of gradually increasing 
intensity. See text. 


Fig. 8 i — T he simple muscle twitch. The time between A and B is the latent 
period, between B and C the contraction period and between C and D the 
relaxation period. See text. 
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The explanation for these results runs as follows. The muscle is 
made up of a number of muscle fibers, each of which may have a 
different threshold. A minimal stimulus will call into play those fibers 
with the lowest threshold. Stronger stimuli will cause more and more 


muscle fibers to respond and the height of contraction will increase. 
A maximal stimulus will excite ail the muscle fibers. The assumption 
is that once a muscle 6 her is adequately stimulated it will give the 
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greatest response of which it is capable at the moment; when th^ 
stimulus is not adequate, no response will occur. Each muscle fiber, 
then, is said to give an all-or-none response to stimuli. Thus, finer 
stimulus 8 produces the maximal response of all the muscle fibers., 
stimulus 9 can produce no greater response, even though it is ; 
stronger stimulus. 



A whole muscle, as Fig. 8o shows, does not give an all-or-none re- 
sponse, but a muscle fiber does. Actually it has been questioned 
whether the muscle fiber can or cannot give graded responses to vary- 
ing strengths of stimuli under certain experimental conditions. How- 
ever, in the body it is fairly certain that muscle fibers invariably follow 
the all-or-none “law.” 

The simple twitch. A single adequate stimulus results in a brief 
twitch of the muscle. If we record such a muscular contraction on a 
moving kymograph drum, we see that the twitch may be divided into 
three periods (Fig. 8i). The time (o.oi sec.) between the application 
of the stimulus and the start of the response is the latent period. The 
time for the height of the response to be attained (0.04 sec.) is the 
contraction period . The time for the return of the muscle to its resting 
state (0.05 sec.) is the relaxation period. During the contraction period 
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the muscle can do work. As we shall see below, during the o.i sec. 
that a twitch lasts and for some time afterward many processes are 
occurring in the muscle. 

The staircase phenomenon. If a number of stimuli of adequate and 
equal intensity are sent into a muscle in rapid succession, a record 
like that in Fig. 82 is obtained. Note that the first few contractions 
successively increase in height (staircase effect) and the remainder 
tend to level off. As a result of the first contraction chemical changes 
occur in the muscle which make it more irritable and enable it to con- 
tract to a greater extent when a second stimulus is sent in quickly 
enough. 



Fig. 83. Tetanus. At A, the fused contraction called tetanus is seen. At B is 
shown a good example of the phenomenon of summation of contractions 
which is part of the mechanism behind the production of tetanus. 


Tetanus. Fig. 83 shows the record obtained when stimuli are sent 
into a muscle at a faster and faster rate. A new phenomenon can be 
observed here, A second stimulus coming into the muscle while it is 
still contracting in response to a preceding one evokes a greater height 
of contraction than either stimulus alone can call forth. In other words, 
summation of contractions occurs, the second contraction adds with 
the first. This occurs even if all of the muscle fibers are activated by 
each stimulus, so that it is not due to the contraction of more muscle 
fibers. The change in chemical state of the muscle as the result of its 
activity plus the summing of contractions accounts for the increased 
height of contraction. 

When a series of stimuli come into a muscle rapidly enough, the 
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contractions fuse into a maintained one which is called tetanus. (This 
is a normal muscular response and is not the same as the muscular 
rigidity, “lockjaw,” caused by the tetanus bacillus.) For the reasons 
just outlined above, a tetanic response is greater than a corresponding 
simple twitch. 

Refractory period. If a second stimulus is sent in too quickly after 
a first, it will not be effective. For a short time after it has responded 
to one stimulus a muscle will not respond to any other. This time is 
the refractory period, lasting only 0.005 sec * * n skeletal muscle (a much 
shorter period than for cardiac muscle). 

THE CHANGES OCCURRING IN ACTIVE MUSCLE 

Many changes occur during and after the contraction of muscle. 
These are mainly chemical and electrical in nature. There is also, of 
course, a physical change; when muscle contracts, it shortens along its 
length but bulges through its width. Although its dimensions change, 
its volume remains the same. 

CHEMICAL CHANGES 

Metabolic processes furnish the energy that enables muscle to 
contract and do work. Like other tissues, muscle heeds oxygen for 
continued activity. When active, muscle needs more oxygen than when 
at rest; in the absence of oxygen, muscle dies comparatively quickly. 

The problem of unraveling the chemical reactions which release 
energy for muscular contraction has proved a long and difficult one 
and one which even now is not completely solved. Some of the funda- 
mental reactions have, however, been fairly well established after con- 
siderable experimentation. 

Organic phosphates present in muscle break down to form inorganic 
phosphates and some organic compounds. This reaction releases energy 
which is used for contraction. No oxidation is involved, since muscle 
can continue to contract normally for a short time when in an atmos- 
phere containing no oxygen. Under these conditions muscle fatigues 
more quickly than ordinarily, suggesting that oxidations are responsible 
for the recovery of muscle. 

When muscle contracts, glycogen breaks down to lactic acid and 
additional energy is released. This energy is used for the re-forming of 
organic phosphates from inorganic phosphates and organic compounds. 
One-fifth of the lactic acid so produced is oxidized to carbon dioxide 
and water, energy again being released. This last batch of energy is 
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utilized in the re-formation of glycogen from the remaining four-fifths 
of the lactic acid. 

To recapitulate: 

Organic phosphates > inorganic phosphates -J~ organic com- 

pounds -f- energy (used in con- 
traction) 


Glycogen » lactic acid -f* energy^ 

Inorganic phosphates -j- organic compounds -f- energy -» organic 

phosphates 

% Lactic acid -f- 0 2 -» C0 2 4* H 2 0 -f- energy 


% Lactic acid -f- energy —> glycogen 


The breakdown o£ organic phosphates must occur quite soon after 
muscle is stimulated since it furnishes the energy for contraction. The 
remaining chemical processes begin in the contraction period, and 
run through and beyond the relaxation period into what is called the 
recovery period. After a brief period (a small fraction of a second) of 
activity it takes at least a few minutes before a muscle is completely 
recovered (that is, returned to its original resting condition). During 
this time organic phosphate is re-formed at the expense of glycogen 
and glycogen re-formed in turn at the expense of lactic acid and oxygen. 

This does not mean that a muscle must be relaxed for minutes after 
each brief burst of activity. It can go on contracting until fatigue sets 
in. Fatigue is the result of the muscle’s inability to get enough oxygen 
to oxidize a sufficient amount of the lactic acid formed. When too 
much lactic acid accumulates, the muscle becomes temporarily unable 
to contract. During strenuous exercise, for instance, we are unable 
(even though respiration is deeper and faster) to breathe in sufficient 
oxygen to meet muscular demands. An "oxygen debt " is created. This 
is the difference between the amount of oxygen actually needed by the 
active muscles and what is actually received. Thus, after the com- 
pletion of the exercise, we continue to breathe deeper and faster than 
we do ordinarily at rest in order to repay the oxygen debt. 


THERMAL CHANGES 

During and after activity a muscle liberates heat. This heat is derived 
from the energy released by chemical reactions occurring in the muscle. 
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All of the chemical energy is not converted into useful work. In fact, 
about 75 per cent is lost as heat. In the body, however, this liberated 
heat plays an important part in the maintenance of the body tempera- 
ture. 

ELECTRICAL CHANGES 

Just preceding the actual shortening of a muscle fiber an electric 
current, the current of action, sweeps over its cell membrane. An active 
region becomes negative with respect to an inactive region of the fiber. 
An injured region of a muscle fiber is also negative to an uninjured 
region. If electrodes are placed on the two places, a current can also 
be led off. This is the current of injury. These same phenomena are 
true of nerve and we shall explain them and the mechanisms behind 
them in the next chapter. 

THE ACTION OF MUSCLE IN THE BODY 

Normally muscles never react with simple twitches in the body. 
Their contractions are tetanic in nature. This is so because normally 
a volley of nervous impulses are sent along the nerve fiber innervating 
the muscle. Impulses follow upon one another rapidly enough to cause 
the summation of muscular contractions. 

Usually, too, in the body, muscles are never completely relaxed. They 
are maintained in a state of partial contraction because of alternate 
contractions of groups of muscle fibers. This state is called muscle tone, 
and we shall learn more about it a little further on. 



CHAPTER X 


The Nervous System 


All cells are irritable. But even relatively early in the course o£ evolu- 
tion some became more irritable than others. Among these cells certain 
ones called receptors became especially sensitive to stimuli. Others 
were especially adapted to conducting impulses and formed a network 
of nerve cells or neurons, the first nervous “system”. This crude system 
enabled the lowly organisms in which it arose to achieve a grade of 
integration somewhat above that of the one-celled Amoeba. 

When worms evolved from the lower forms of animal life, ganglia 
or clusters of nerve cell bodies made their first appearance. These 
acted as primitive centers of coordination of activities. Each body seg- 
ment contained one or two ganglia. The neurons of the ganglia served 
as intermediaries between afferent neurons, which conducted nerve 
impulses into the ganglia from receptors, and efferent neurons, which 
relayed impulses to effectors (muscles or glands). In this way simple 
reflex circuits were established.; In time connections between ganglia 
developed and chains of ganglia came into being. Such interconnected 
ganglia became the first real “message center” for nerve impulses or, 
in other words, a central nervous system was developing. At this stage 
the central nervous system reminds one most of the spinal cord of 
higher animals. Even in man the latter retains its segmental pattern. 

At the worm stage of evolution the head was beginning to assume 
dominance over the rest of the body. Since the head end was the first 
to encounter stimuli as the animal moved, the more important sense 
organs (eyes, ears, etc.) developed in this region. Coupled with this 
development, the ganglia of the head segments began to fuse with one 
another. The larger nerve cell centers resulting were the forerunners of 
the brain. The oldest — in an evolutionary sense — parts of the brain in 
higher animals retain traces of primitive segmentation, although to a 
iesser degree than the spinal cord. 



spinal cord 


Fig. 84 — Diagram of the 
nervous system. By no 
means are all the nerves of 
the body shown in this dia- 
gram, for they are too nu- 
merous, and many are too 
fine to be indicated in a 
drawing of this scale. This 
figure is intended to give 
some idea of the extent and 
distribution of nerves over 
the body. 
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In the invertebrates the central nervous system {ganglionic chain) 
is a solid cord of tissue, the head ganglia being dominant. In the 
vertebrates the central nervous system is a hollow tube. The walls of 
this tube ultimately grow into the organs we know as brain and spinal 
cord. From either side of the brain and spinal cord the cranial and 
spinal nerves extend to all parts of the body. These nerves constitute 
the peripheral nervous system. 

THE PHYSIOLOGY OF NERVE 

In Chapter III we saw that every neuron consisted of a cell body and 
various extensions or processes, dendrites and axons. Most neurons 
have many dendrites (are multipolar), all of which conduct impulses 


Fig. 85 — A cross-section of a nerve. The whole nerve is encased in connective 

tissue, strands of which separate it into discrete bundles of nerve fibers and 
even surround the individual nerve fibers. 

to the cell body. Every neuron has only one axon which conveys im- 
pulses away from the cell body. In general, axons are much longer than 
dendrites; some axons in man, for example, may be 3 or 4 feet in 
length. 

A number of axons and dendrites bound together by connective tis- 
sue constitute a nerve (Fig. 85). “Nerve” should not be confused with 
“nerve fiber", the latter being another name for an axon or a dendrite. 

THE PROPERTIES AND FUNCTION OF NERVE FIBERS 

Nerve fibers are more irritable than muscle and therefore respond 
to stimuli of weaker intensity. Nerve fibers are also more conductive 
than muscle. Thus, an excitatory state set up in a nerve fiber is trans- 
mitted more rapidly than in muscle. The conduction of an excitatory 
state (the nerve impulse) is the sole function of a nerve fiber. Actually 
the conduction process is more than a passive affair — the nerve fiber 
plays an active role in transmitting the nervous impulse along its 
length once the impulse has been set up in it. We shall see a possible 
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the conduction process is more than a passive affair — the nerve fiber 
plays an active role in transmitting the nervous impulse along its 
length once the impulse has been set up in it. We shall see a possible 
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explanation of how this is accomplished a little later. Meanwhile, a 
crude analogy may help to clarify the action of the nerve fiber. Imagine 
a row of tenpins, one pin directly behind the other. Let these corre- 
spond to successive points on a nerve fiber. A ball is bowled at the first 



Fig. 86 — The wave of motion created by the falling tenpins roughly corre- 
sponds to the passage of a nerve impulse from segment to segment along a 
nerve fiber. 


pin and its impact (the stimulus) knocks over the pin. The first pin 
in falling causes the second to fall, the second hits the third, and so on. 
The continuous wave of motion created by the pins falling in series 
(Fig. 86) would correspond to the nerve impulse (actually much like 
a wave of electricity). And each pin, in turn, is necessary for the propa- 
gation of the wave. 

THE STIMULATION OF NERVE 

A stimulus adequate to excite a nerve must fulfill the conditions 
already noted for muscle. It must be of minimal strength, last long 
enough and reach minimal intensity quickly enough. Unless it has this 
character, the nerve will not respond to it. 

In the body, nervous impulses are generally set up at one end of a 
nerve fiber. The axon of a neuron (for instance) receives a nervous 
impulse at its point of exit from the cell body. The impulse then travels 
in one direction only. But, if a nerve is exposed or a long segment of 
one removed from an experimental animal, it can be stimulated effec- 
tively at any point. The nervous impulse so produced will travel in 
both directions along the nerve fibers. 

Nerve is like muscle in that it will respond to electrical, chemical, 
thermal, and mechanical stimuli. In the great majority of cases elec* 
trical stimuli are of the greatest significance. (Sometimes other kinds 
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of stimuli set up nerve impulses. For instance, the peculiar sensation 
you receive when you hit your “funny-bone” is due to stimulation of 
a nerve in the arm by pressure.) Normal nerve impulses in the body 
are probably set up by environmental changes of electrical nature. For 
experimental purposes, artificial electrical stimuli are, then, the closest 
approximations to natural stimuli. Electrical stimuli also do less damage 
to tissue and are more easily and accurately controlled and measured. 

In order to study nerve it is essential to record its activity. This is 
more difficult than for muscle because nothing can be seen to move in 
an active nerve. Sometimes we can get information about nerve by 
recording the muscular contractions resulting from nervous stimu. 
lation. A much better method has been devised, however, which in- 
volves the use of delicate and complicated electrical apparatus. Such 
apparatus amplifies the extremely small fluctuations of electricity that 
occur in nerves so that they can be recorded and measured. Through 
modifications of such apparatus it is actually possible to visualize the 
nerve impulse and then photograph it. 

THE NERVE IMPULSE 

The analogy between a nerve fiber and a series of tenpins is, as we 
saw, a very crude one. Structurally, of course, there is no resemblance 
at all, and the kinds of action going on in the two cases are very dis- 
similar. The analogy also breaks down in another very important 
respect. In order to repeat the tenpin phenomenon it is necessary to 
set them up again. They obviously have no recovery power of their 
own. The nerve fiber, however, after the passage of a nerve impulse, 
brings about its own recovery. A short time after it has conducted one 
impulse it is once again ready to conduct another. 

The membrane theory. The most satisfactory explanation of how a 
nerve fiber conducts a nerve impulse is the membrane theory. Accord- 
ing to the theory the nerve fiber is surrounded by a semi-permeable 
cell membrane (a membrane which allows only certain substances to 
pass through it). Because certain ions (electrically charged particles) 
cannot penetrate it, the nerve fiber is polarized when at rest. This 
means that there is a separation of electrical charges on either side of 
the membrane; specifically, a layer of positive ions is found 
outside and one of negative ions on the inside (see Fig. 87). A 
the polarization and the permeability of the membrane are b 
to be interdependent. Each helps to maintain the other and 
varies the other varies with it (i.e., if the permeability increas 



162 


THE NERVOUS SYSTEM 


polarization decreases — more ions can penetrate the membrane and 
neutralize one another; if the polarization increases, the permeability 


Fig. 87 — A polarized nerve fiber. The positive and negative charges do not 
exist as such but are present because of the accumulation of positively and 
negatively charged ions in the appropriate places. 

decreases — the greater electrical charge prevents ions from entering 
the fiber). 

When the nerve fiber is activated, the active region becomes more 
permeable and depolarization occurs (the charges are neutralized as at 
A in Fig. 88). A now becomes relatively negative to B (and C) — the 
zero charge at A is negative with respect to the positive charge at B 
The ions at B are attracted to A (unlike charges attract one another) 


-4 4-4-4 — | — 4 + + + 4 — j* 4- + -« 
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Fig. 88 — When a nerve fiber is adequately stimulated at one point, a nerve 
impulse is propagated in both directions along the nerve fiber. Here, four 
stages in the conduction of the impulse are shown. In stage 4, the membrane 
is already repolarizing at the region where the impulse began, although the 
latter is still travelling along more distant regions. 


and move through the more permeable part of the membrane at A 
to neutralize some negative ions on the inside of the membrane. But 
when the ions move away from B, B becomes depolarized and the ions 
at D can discharge into it. This occurs progressively from one region 
to the next and the nerve impulse is thus propagated the entire length 
of the nerve fiber. 

Each tiny segment of the membrane is a minute “battery”. When 
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the membrane becomes permeable enough to allow the passage of ions, 
an electric current flows between the “poles” of the battery and the 
battery is discharged. We can see, on the basis of this theory, that the 
nerve fiber actively participates in the conduction of an impulse. 

Evidence for the membrane theory. If the theory is correct, it 
should be possible to measure the polarization across the membrane of 
the nerve fiber; by placing one electrode on the outside of the fiber, 
one on the inside, and connecting the electrodes to an electrical meas- 
uring instrument the potential difference between the inside and out- 
side of the membrane can be recorded (the potential of a region is the 
level of electrical energy it contains; the potential difference between 
two regions is the difference between their energy levels). Until very 
recently it was not possible to do this because all known nerve fibers 
were too small to permit the entrance of an electrode and still remain 
undamaged. Within the past few years, however, some giant nerve 
fibers were discovered in the squid (a close relative of the octopus). 
When the above procedure was applied to them, a measurable potential 
difference was recorded and the outside found to be positive (at a 
higher level of energy) with respect to the inside. This was direct 
proof of the polarization of the resting nerve fiber membrane. 

Previously, indirect evidence pointing to such a conclusion had been 
obtained. Measuring the potential difference between an intact and a 
crushed portion of a nerve had demonstrated that the latter was always 
negative to the former. Since in the crushed portion the protoplasm 
inside the nerve fibers was exposed to the electrode, it could be 
assumed that the inside of a nerve fiber was always negative to the 
outside. This evidence in itself could not prove the point because the 
injury to the nerve might have changed its properties. 

When two regions have different potentials and a medium which 
conducts electricity connects them, the excess energy of the higher 
(positive) level will discharge into the lower (negative) level-— in 
other words, an electric current will flow. The potential difference 
between the injured and uninjured portion of a nerve is called the 
injury potential . This is discharged by the thin film of salty fluid which 
surrounds the nerve fibers and which is a good electrical conductor. 
An injury current results (see Fig. 89). When a completely intact nerve 
is activated, similar phenomena can be observed. There is a potential 
difference between the active and inactive portions — the action poten- 
tial — and, because of the presence of a good conductor (the salty fluid), 
an action current flows (see Fig. 89). These two terms are often used 
interchangeably although, strictly speaking, the current is dependent 
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upon the potential difference and conducting medium. The action 
potential or current is evidence that, when a nerve fiber is activated, 


k 



Fig. 89— When one electrode is placed on an injured region of a nerve fiber 
and another on an intact region (A), an injury current can be recorded by a 
current-recording instrument. An action current can be recorded when one 
electrode is placed on a depolarized region of an intact nerve fiber and an- 
other on a polarized legion (B). See text for further description. 

depolarization of the membrane occurs at the point of stimulation and 
that that point is negative in relation to adjacent inactive points on the 
membrane. 

The refractory period. Many of the physiological phenomena of 
nerve can be well explained on the basis of the membrane theory. 
Among these is the refractory period. For a brief period after its acti- 
vation by one impulse, neither cardiac nor skeletal muscle nor nerve 
will respond to a second stimulus. Of the three, nerve has the shortest 
refractory period (0.0005 sec.). 

The membrane theory states that the passage of the nerve im- 
pulse along a nerve fiber is due to the movement of ions from a point 
of high to one of lower potential. But, just as in any system, there is 
resistance to change, and the ions are always tending to move back 
to their original positions. Thus, after a region of the membrane has 
been depolarized the ions are beginning to move back and repolarize 
the membrane. The time that it takes for enough ions to move back 
(for adequate repolarization) is the time in which the nerve fiber is 
refractory. In other words, the membrane must be polarized to a cer- 
tain degree before it can propagate an impulse. 
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S umma tion of stimuli. Not only must the nerve fiber have an ade- 
quate degree of polarization, but there must be a definite amount of 
depolarization occurring before an impulse will be set up. It is an 
experimental fact that one subminimal stimulus (one below threshold 
strength) will not excite a nerve fiber but that a series of such stimuli 
sent in rapidly enough will cause a response. This phenomenon is 
known as summation of stimuli — a series of stimuli none of which is 
adequate by itself can add up to produce a response. 



Fig. go — A single subminimal stimulus to a nerve fiber will cause a certain 
amount of depolarization which will shortly disappear without having caused 
an impulse to be set up (A). When a few subminimal stimuli (B, C, D) are 
sent in rapidly enough so that the depolarization set up by the preceding one 
has not had time to disappear, the depolarizations caused by each can sum 
sufficiently to yield a threshold amount of depolarization. In the latter case 
an impulse will be initiated due to the summation of effects caused by the 
stimuli. The dotted lines indicate the course the depolarization would have 
taken if another stimulus had not been received. 

One subminimal stimulus obviously cannot cause an adequate de- 
polarization of the nerve fiber membrane. It does cause some depolari- 
zation, however. Since it takes time for ions to move back and com- 
pletely repolarize the membrane, a second subminimal stimulus com- 
ing soon enough after the first can add the depolarization it causes 
to that still remaining from the first stimulus. Enough of these stimuli 
at a sufficiently rapid rate will depolarize the membrane adequately 
and an impulse will arise (see Fig. 90). 

All-or-none response. A nerve fiber obeys the all-or-none “law”. A 
nerve does not , since it is made up of many nerve fibers which have 
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different thresholds- of excitability. Therefore, stimulating a nerve with 
electric shocks of increasing intensity will provoke larger and larger 
action potentials until all the nerve fibers are activated. The response 
of nerve is very similar to that of muscle in this respect. 

Every point on a single nerve fiber will respond to the maximal 
amount of which it is capable at the moment or will not respond at all. 
A striking illustration of this can be shown by depressing the irri- 
tability of one section of a nerve by exposing it to ether vapor (see 
Pig* 9 1 )* When the nerve is stimulated by a maximal stimulus at A, 



depressed 

region 


Fig. gj A diagrammatic representation of the all-or-none character of the 
nerve impulse. Sec text for description. 

an impulse is set up which travels the length of the nerve. From A 
to B the action potential is maximal but suddenly decreases and 
remains smaller in travelling from B to C (the depressed region). At 
€ it emerges from the depressed area at its initial height and continues 
at that height to the end of the nerve. The action potential is, then, 
.maximal for the condition of the nerve at every point. 

The velocity of the nerve impulse. The speed at which a nerve 
impulse travels depends upon the electrical resistance of the nerve 
•fiber and the amount of polarization of the nerve fiber in its resting 
state. Just as wires of large diameter have less resistance to the passage 
of a current than smaller ones, large nerve fibers have less resistance 
than small ones. The former generally conduct impulses at faster rates. 
The polarization of the nerve fiber membrane is the driving power 
behind the impulse; the greater it is, the faster the impulse travels. 
If the polarization is decreased (as by etherization), the velocity as 
•evell as the amplitude of the impulse (action current) is decreased. 

Another factor is of importance in large fibers. All peripheral nerve 
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fibers (those outside the central nervous system) are invested with an 
outer sheath of cells, the neurilemma. Nerve fibers when of large 
enough diameter also are encased in a myelin sheath ; a layer of myelin 
(a fatty substance) is deposited beneath the neurilemma. When both 
sheaths are present, the myelin sheath is broken at intervals into seg- 
ments (Fig. 92). Nerve impulses in the latter type of nerve fibers have 



Fig. 92 — A peripheral nerve fiber with myelin and neurilemma! sheaths. 


the highest velocity of all. The explanation for this is based on the 
fact that myelin, as a fatty substance, is a poor conductor of electricity 
and insulates the nerve fiber in whichever region it is present. Since 
the current meets a greater resistance in flowing through myelin (B 
to A in Fig. 93), it will preferentially follow the path of lesser re- 



Fig. 93 — In a myelinated nerve fiber the impulse jumps from node to node 
(see text). 

sistance (C to A) through the salt solution bathing the nerve fiber. 
The nerve impulse in such fibers thus jumps from node to node (a 
node being a region at which the myelin sheath is broken) and travels 
more quickly than by going from one segment to its neighbor. 

The velocity of the nerve impulse in man varies in different nerve 
fibers according to their size and myelination. The speeds of conduc- 
tion range from about i to over 100 meters per second. (100 m. per sec. 



168 


THE NERVOUS SYSTEM 


is equivalent to about 200 miles per hour.) The pilot of a plane moving 
faster than 200 miles an hour would have difficulty, then, in avoiding 
a collision with another object if his movements depended on a split- 
second decision. 

It is interesting to note that velocity of conduction is also dependent 
upon temperature. Frog nerve at room temperature (about 70° F.) 
has a maximal nerve impulse velocity of about 30 m. per sec. When 
the temperature is raised to the body temperature of man (98.6° F), 
the maximal velocity of the impulse borders on 100 m. per sec. 

THE EFFECTS OF ACTIVITY ON NERVE 

W2 know much less about the chemical reactions that occur in nerve 
than in muscle. None the less it is apparent that they are responsible 
for the changes which accompany and follow upon even a short burst 
of activity. Electrical fluctuations in the polarization of the membrane 
occur which are correlated with changes in irritability. These changes, 
plus an increased oxygen consumption and the elaboration of heat, may 
continue for 15 to 30 minutes after activity that lasts only for seconds. 
A nerve fiber does not return to its original resting condition until long 
after its active period has ended. 

It is puzzling, therefore, to find that a nerve can continue to conduct 
impulses over long periods of time without completely fatiguing. The 
refractory period does limit the number of impulses that a nerve can 
conduct per second. Since the nerve cannot respond to a second stimu- 
lus until 0.0005 sec. has passed, it can conduct a maximum of 2000 
impulses per second. Actually this rate of activity can be maintained 
for only a short time. However, the nerve does not cease responding. 
Instead the refractory period begins to lengthen and the frequency 
of impulses decreases. With- continued stimulation the frequency of 
impulses conducted declines quite a bit until, when the processes of 
activity and recovery are going on at the same rates, it levels off and 
remains fairly constant. Nerve cannot be completely fatigued under 
normal circumstances. 

DEGENERATION AND REGENERATION OF NERVE 

When a peripheral nerve is severed, the portions of the nerve fibers 
separated from the cell bodies degenerate completely in two to three 
weeks. The nerve fibers themselves disintegrate, the myelin decom- 
poses and both disappear. The neurilemmal sheath alone remains. On 
the other side of the cut some reversible minor changes may occur 
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unless the cut is too close to die cell body. In the latter case the whole 
neuron will degenerate. 

In the peripheral nervous system there will be complete functional 
and anatomical regeneration of nerves provided that the neurilemmal 
sheath is intact. The central ends of the nerve fibers grow out into the 
neurilemmal sheath (Fig. 94 B) and are guided by it to their eventual 
termination. Surgeons generally sew the two ends of a cut nerve to- 



Fig; 94 — Regeneration in peripheral nerve fibers (see text). 


gether so that the growing nerve fibers will be properly directed. If 
the neurilemma is absent or the gap too great between the ends of a 
nerve, the nerve fibers will still grow but will tend to curl up into 
a tangled mass (Fig. 94 A). This can prove a very painful growth and 
may have to be removed surgically if allowed to develop. 

Nerve fibers within the central nervous system have no neurilemmal 
sheaths and are said to be incapable of regenerating successfully for 
that reason. In recent years experiments on animals have attempted 
to show that, given directional aid, such nerve fibers can regenerate. 
Some of these experiments appear to have been successful. But much 
work remains to be done to prove conclusively that this can be of 
value in cases of human injury. 

REFLEX ACTION 

We have already noted many examples of reflex action in discussing 
the control of activities going on in other systems of the body. We 
are now ready to examine more strictly the anatomical basis of reflex 
action and then the kinds and properties of reflexes. 

THE STRUCTURE OF THE SPINAL CORD 

The spinal cord is securely encased by the bony vertebrae. In verte- 
brates with tails (cat, dog, etc.) the spinal cord extends virtually 
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the whole length of the vertebral column; in those without tails (frog, 
ape, man, etc.) it is shortened somewhat. In man it ends at about the 


brain stem 



Fig. 95 — The spinal cord and its nerves. 


second lumbar vertebra (the second 
vertebra below the thoracic re- 
gion). At its upper end the spinal 
cord me-ges with the brain. 

If removed from the body or ex- 
posed, the spinal cord is revealed 
as a longish white “cylinder” (Fig. 
95) which is oval in cross-section. 
Evidence of its primitive segmental 
arrangement is seen in the nerves 
which extend from it on either 
side. There are 31 pairs of spinal 
nerves, each pair arising in one 
spinal “segment.” The “segments” 
of the cord are not distinguishable 
internally, however. Although the 
cord is shortened, each spinal nerve 
still exits at the level of the verte- 
bra with which it is associated dur- 
ing evolution. This means that 
nerves from the lower segments of 
the cord must travel for a consider- 
able distance within the vertebral 
canal before leaving it. Below the 
spinal cord, then, a number of 
nerves are seen descending. They 
somewhat resemble a horse’s tail, 
which is the meaning of the name 
cauda equina given to the region. 

On closer inspection it can be 
seen, that each spinal nerve arises 
from the spinal Cord in two bundles 
(see Fig. 95), the dorsal (towards 
the back) and ventral ( towards the 
belly) roots. For over a hundred 
years it has been known that the 
dorsal root contains afferent or 
sensory nerve fibers (those coming 
into the central nervous system) 
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and the ventral root efferent or motor nerve fibers (those leaving the 
central nervous system). Thus, each spinal nerve contains a mixture o£ 
sensory and motor fibers. Let us note, for the moment, that each dorsal 
root has a swelling called the dorsal or spinal ganglion . 

Upon cutting across the spinal cord, the cross-section (Fig. 96) 
shows the presence of an outer white matter and an inner gray matter. 
Gray matter contains the cell bodies of neurons and unmyelinated nerve 



fibers. White matter contains only nerve fibers, myelinated and un- 
myelinated; the myelinated ones give it its white coloring since myelin 
is milky-white in appearance. 

The gray matter is roughly H-shaped, the tops of the “H” being the 
dorsal horns and the bottoms the ventral horns. In the center of the 
cord is the central canal, a small remnant of the cavity in the central 
nervous system. 


THE REFLEX ARC 

Reflex acts are the units upon which the activity of the nervous sys- 
tem is based. The anatomical unit which makes reflexes possible is the 
reflex arc (Fig. 97). This consists of five essential parts — receptor, 
afferent neuron, intermediate neuron, efferent neuron, and effector. 
A receptor can be any sense organ. For the sake of convenience let us 
illustrate by the reflex withdrawal of a finger from contact with a hot 
stove. The receptors concerned will be the heat receptors in the skin. 
When stimulated by the heat, a receptor causes nerve impulses to be 
sent along an afferent nerve fiber. The cell body belonging to this fiber 
is located in the dorsal ganglion. The impulses travel to the cell body 
and then leave along the other branch of its single process. They enter 
the spinal cord via the dorsal root. The ganglion cell’s process then 
makes contact with the dendrites of an intermediate neuron in the 
dorsal horn of the gray matter. The impulses jump the gap between 
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the two neurons and activate the intermediate neuron, and new im- 
pulses travel along the dendrite, cell body, and axon of this neuron. 
They then jump to the dendrite of an efferent neuron in the ventral 
horn and activate it, and the new impulses travel along its cell body 
and axon and leave the spinal cord via this efferent nerve fiber. The 
latter extends through the ventral root and spinal nerve to the muscle. 



The impulses reach the myoneural junction, jump across to the effector 
(muscle) cells, and cause them to contract. The finger is withdrawn. 
The result of stimulation of a receptor is a reflex response from some 
effector organ, the whole action generally occurring more quickly than 
the time it takes to describe it. 

We have just encountered a new characteristic of the nervous system. 
Nerve cells are not continuous with one another, but rather only come 
into contact. The region of contact between two neurons is called 
a synapse. The synapse has somewhat the same properties as the myo- 
neural junction. 

The reflex arc described above is a simple one. Most reflexes involve 
more complex arcs, complexity being due to the inclusion of more 
than one intermediate neuron between afferent and efferent neurons. 
Instead of being limited to one side of one segment of the spinal cord, 
the reflex may then include both sides of the spinal cord and more 
than one level. A number of muscles can, therefore, be involved in a 
reflex response and a complicated pattern of muscular contractions 
results from stimulation of a few receptors. For some varieties of pos- 
sible reflex arcs note Fig. 98, 

TYPES OF REFLEXES 

All reflex acts are unconscious responses to stimuli. Typical examples 
of reflexes are the \nee jer\, flexion reflex, and the crossed extension 
reflex. When one leg is crossed over the other and the patellar (knee- 
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cap) tendon of the upper leg is struck, that leg jerks upward. This 
knee jerk results from the stimulation by stretching of receptors in the 
muscle that extends the lower leg. The flexion reflex is the reflex result 
ing from painful stimulation of the skin. For instance, your response 



Fig. 98 — A sketch o£ three different levels of the spinal cord and some of the 
varieties of possible reflex arcs. Neurons 1, 2 and 3 comprise a reflex arc 
which is centered at one level of the spinal cord but which ends on the 
opposite side from which it began. A similar arc to this but involving two 
levels of the cord is illustrated by neurons 7, 8 and 9. The arc containing 
neurons 4, 3 and 6 involves two levels of the cord but ends on the same side 
on which it began. Stimulation of the receptor leading to neuron / may not be 
strong enough to cause a discharge of neuron 3. Simultaneous stimulation 
of the receptors leading to neurons 10 and / can bring about summation at 
3 of the effects caused by impulses from neurons 11 and 2, and 3 can thus 
be activated. This is an example of spatial summation (see page 175). 

to stepping on a tack would be the flexing of your leg and withdrawal 
from the painful stimulus. A usual companion reflex to this is the 
crossed extension reflex. Painful stimulation of one foot results in 
flexion of the same leg and, along with that response, extension of the 
other leg. This is an obvious aid to keeping one’s balance under these 
circumstances. 

Reflexes may be classified in a number of ways. In terms of their 
origin they are either inherited or acquired through experience. The 
reflexes just mentioned above are all examples of inherited ones, the 
pathways for them having been established during the course of evo- 
lution. In an experimental animal all of these can be demonstrated 
even after the brain has been destroyed. Acquired or conditioned 
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reflexes are ones we learn by repetition of performance. The finger 
movements in typing or playing the piano or violin are examples of 
such reflexes. Since they are dependent upon the highest levels of the 
brain, we shall discuss them later. 

Another method of classification is in terms of complexity. Simple 
reflexes are those in which a single muscle gives a response to a single 
stimulus. The knee jerk is an example. Most reflexes, however, involve 
more than one muscle and are known as coordinated reflexes. The 
flexion reflex in the leg, for instance, includes the contraction of a 
flexor muscle of the leg (which bends the leg at the knee) and the 
simultaneous relaxation of an extensor muscle (which straightens the 
leg at the knee). Chain reflexes are coordinated ones but are compound 
in nature — a series of reflexes in which one acts as the stimulus for 
the next. The rhythmic series of movements that make up walking is 
a chain reflex. Many extended instinctive acts, such as the homing 
instincts of bees and birds, are also reflexes in this category. 

If the types of receptors which initiate a reflex are considered, there 
are three classes of reflexes. Stimulation of exteroceptors (receptors in 
the surface regions of the body) gives rise to exteroceptive reflexes, 
such as the flexion reflex initiated by painful stimulation of the skin 
of the foot. Receptors in the viscera, enteroceptors, initiate enterocep- 
tive reflexes. Circulatory, respiratory, etc. reflexes are examples of this 
kind. Another class of receptors located in muscles, tendons, joints, 
and some parts of the inner ear, proprioceptors, set up proprioceptive 
reflexes. The knee jerk is this kind of reflex. It is used to test the in- 
tegrity of the nervous system. 

PROPERTIES OF REFLEXES AND NERVE CONTRASTED 

Conduction. We have already seen that the nerve impulse can be 
conducted in either direction along a nerve fiber. But in the reflex 
arc, conduction of impulses proceeds in one direction only. This is due 
to the synapses and myoneural junctions which in this respect act like 
one-way valves; they allow impulses to flow only in the one direction 
previously indicated. 

Latent period. In muscle the time between application of a stimulus 
and the beginning of a response is comparatively short (o.oi sec.). 
Nerve has even a shorter latent period. But reflexes have much longer 
ones. In part this is due to the longer path impulses must travel (the 
whole reflex arc) before the response is forthcoming. Also, the phe- 
nomenon of central delay is a factor; that is, the synaptic regions are 
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more resistant to passage of impulses than the other parts of the reflex 
circuit and additional time is needed to overcome that resistance. The 
latent period of a reflex response is usually measured in seconds, some- 
times many seconds. If you have a dog, you can observe this in the 
scratch reflex. Scratching the belly of a dog generally elicits scratching 
movements of the hind leg but a fairly long latent period may inter- 
vene. 

After-discharge. When a nerve fiber is activated, an impulse flashes 
along the fiber and the activity is soon over. A reflex response may, 
however, continue for some time after stimulation has stopped. This 
phenomenon is what is called after-discharge. The scratch reflex, as 
you may be able to observe, is especially likely to exhibit a long after- 
discharge. 

Summation of stimuli. Summation of stimuli does occur in nerves, 
as we have noted. The same kind of summation can occur in the reflex 
arc. Summation of this type is called temporal summation — submini- 
mal stimuli sent rapidly into one nerve fiber can add up to activate it. 
There is one difference between reflex and nerve responses with re- 
spect to temporal summation. In the case of nerve, if the first few 
stimuli clo not activate the nerve, later ones will not. A reflex response, 
however, can be elicited by additional subminimal stimuli, even though 
the first few do not initiate the response. It seems that there is some 
region in the reflex arc where effects of stimuli can accumulate and 
be preserved to a much greater extent than in nerve. This region may 
be either at the synapses or at the cell bodies themselves. 

Another kind of summation can occur in the reflex arc — spatial sum- 
mation. In temporal summation, stimuli impinge upon one fiber and 
are ' separated by a time interval; in spatial summation stimuli are 
separated in space, being sent into different nerve fibers. Impulses thus 
set up may eventually terminate upon the same neuron and their 
effects add up at that point in the reflex arc. A reflex arc permitting 
this phenomenon is shown in Fig. 98. 

Gradation of response. Adequate stimuli of unequal strength elicit 
responses of unvarying amplitude in a nerve fiber, provided conditions 
are the same at all times. A nerve, though, does not follow this all-or- 
none pattern of response. Nor does a reflex. Stimuli of graded intensity 
produce responses of graded intensity. The stronger the initial stimu- 
lus, the greater the response. The prime reason for this is that a recep- 
tor responds to a single stimulus by setting up a volley of nerve im- 
pulses in the afferent nerve fiber. When this barrage of impulses is 
finally relayed to the muscle at the end of the reflex circuit, a tetanic 
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contraction results. The latter, you will remember, is of greater inten- 
sity than the corresponding single twitch and will vary in amplitude 
with the intensity and frequency of stimuli. A strong stimulus to a 
receptor increases the rate of discharge of the receptor and makes for 
greater tetanization of the muscle than a weaker stimulus. 

Rhythm of response. Stimulation of nerve with a number of ade- 
quate stimuli yields a one to one response. This is rarely true of a 
reflex response. First of all, a receptor responds to a single stimulus 
by discharging a volley of impulses. Eventually the efferent neuron 
may discharge still a different volley over the efferent axon leading 
from it. The net result of a single reflex stimulus is a variable number 
of impulses in the efferent neuron — depending upon the physiological 
state and the specific properties of the particular reflex arc — and a 
correspondingly variable tetanic contraction of muscle. 

Metabolic effects. Central nervous tissue has a much higher rate 
of metabolism than nerve. This is in all probability due to the greater 
requirements of nutrients and oxygen and faster turnover of materials 
in the cell bodies and synaptic regions. As evidence for this, it is 
known that gray matter has a higher metabolic rate, greater oxygen 
consumption, and larger blood supply than white matter. 

On this basis it is understandable that reflexes fatigue more quickly, 
succumb to asphyxia (lack of oxygen), anesthetics, and other drugs 
more rapidly than nerve fibers do. The higher the metabolic rate in 
general, the greater the tendency to fatigue. After a comparatively 
small number of repeated stimuli, a reflex response may temporarily 
be completely fatigued. 

Stopping the blood flow to parts of the central nervous system (thus 
depriving them of oxygen) kills them rather rapidly. The highest levels 
of the brain, the cerebral cortex and cerebellar cortex, will never regain 
their functions if deprived of blood for more than five minutes; lower 
centers of the brain may withstand as much as thirty minutes of 
asphyxia and the spinal cord about sixty minutes’ worth. Peripheral 
nerve may recover after several hours of asphyxiation. The ability to 
withstand oxygen lack would thus vary inversely with the metabolic 
rate. 

Anesthesia abolishes reflexes rather rapidly. On the other hand, in an 
animal killed by an overdose of an anesthetic, nerves are still able to 
conduct impulses in a fairly normal fashion. Of course, if the concen- 
tration of the anesthetic gets sufficiently high, even nerve will be in- 
capacitated— the direct application of ether, for instance, to a nerve 
will abolish its excitability. 
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The site in the central nervous system most quickly attacked by 
fatigue, asphyxia, etc. is the synapse or the cell body of the neuron. 
In the peripheral neuromuscular apparatus the myoneural junction 
most readily succumbs to adverse conditions. 

PHYSIOLOGY OF THE SPINAL CORD 

While all reflexes have the properties just mentioned, they do not 
necessarily exhibit them to the same degree. For example, the flexion 
reflex has a shorter latent period, a briefer after-discharge, and less 
dependence upon summation of stimuli than the crossed extension 
reflex. 

The muscles involved in these two reflexes are reciprocally inner- 
vated. Muscles can be classed as synergists or antagonists. Those co- 
operating to produce a given movement are synergists (i.e., usually 
more than one flexor muscle is concerned in flexing a joint; or more 
than one extensor muscle in straightening a joint). Those which oppose 
the action of other muscles are antagonists (i.e., the flexors of the knee 
and the extensors of the knee are antagonists). In any coordinated 
reflex if one muscle contracts, its antagonist must relax. The nerves 
controlling antagonistic muscles permit this type of action. Stimulation 
of a pain fiber in the right leg results in contraction of the flexor 
muscles and relaxation of the extensor muscles of the right leg and 
the opposite effects in the flexors and extensors of the left leg. 

To explain these and other phenomena which are dependent upon 
the integrity of central nervous tissue a theory has been postulated 
by Sir Charles Sherrington, a famous English physiologist. 

CENTRAL EXCITATORY AND CENTRAL 
INHIBITORY STATES 

According to Sherrington’s postulate an incoming afferent impulse 
may eventually produce either a central excitatory state (C.E.S.) or a 
central inhibitory state (C.I.S.) at a given efferent neuron. The afferent 
neuron, of course, works upon the efferent via one or more intermedi- 
ate neurons. Just as a certain amount of depolarization is necessary for 
discharge of a nerve fiber, here it is postulated that a certain amount 
or threshold of excitation is necessary for the discharge of a neuron. 
Any impulse tending to excite an efferent neuron is believed to cause 
a certain amount of C.E.S. to be built up at the synapse in which it 
terminates. Conversely, any impulse tending to depress the excitability 
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of an efferent neuron will cause a certain amount of C.I.S. to be built 
up at a synapse. If we designate C.E.S. as a plus quantity, then C.I.S. 
is not just the absence of C.E.S. or a zero quantity; it is the opposite 
of C.E.S. or a minus quantity. 

Sherrington purposely used the term “state” because he had no 
evidence as to the exact nature of the condition. Subsequent research 
workers have attributed C.E.S. and C.I.S. to the liberation of different 
chemical substances at the nerve-endings of synapses or to changes in 
physical state produced by the nerve impulses at synapses. What these 
“states” actually are is still uncertain. You can well imagine what a 
difficult task still lies ahead in attempting to discover the real character 

afferent neuron 
intermediate neuron 


pain receptor 
efferent neuron 


Fig. 99— Production of the flexion and crossed extension reflexes* E = 
extensor muscle; F ==. flexor muscle. In A is shown the pattern of muscular re- 
sponses when a step forward with the left foot is taken. In B, pain impulses 
cause a reversal of these responses by changing the C.I.S. and C.E.S. at the 
appropriate efferent neurons (see text). 

of the activities going on in so tiny a region as the synapse (the 
synapse is just barely visible with the highest magnifying power of 
the microscope). Whatever their nature, however, these states have 
proved very useful in presenting possible explanations of many central 
nervous phenomena. 

When the C.E.S. has been raised to threshold strength, a neuron will 
discharge impulses and will continue to discharge until the C.E.S. 
drops below threshold strength. It is believed that a single impulse is 
insufficient to raise G.E.S. to threshold strength, that summation is 
necessary. Since a single stimulus to a receptor evokes a volley of im- 
pulses, this fits in with the scheme. If the C.I.S. is built up instead, 
the neuron will not discharge until the C.I.S. has been dissipated. Both 
C.E.S. and C.I.S. persist for some time after the impulses initiating 
them have - disappeared. 

Fig. 99 represents a possible scheme for the production of the flexion 
and crossed extension reflexes. Assuming that you were just taking a 
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step forward with your left foot, you would find that the extensor 
muscle in your left leg was contracted to some extent and the flexor 
relaxed; the opposite would be true of the right leg — flexor con- 
tracted and extensor relaxed. A in this figure represents this stage. 
As your left foot comes down, it steps on a sharp object. The resultant 
reflex reaction is schematized in B. Ascending pain impulses come into 
the left side of the spinal cord and by way of intermediate neurons 
set up C.E.S. at the efferent neurons for the flexor muscle of the left 
leg and extensor muscle of the right leg. C.I.S. is produced at the other 
efferent neurons involved. The net result is strong flexion of the left 
leg and marked extension of the right. 

After-discharge, in terms of this theory, represents a C.E.S. main- 
tained at threshold strength for some time after stimulation ceases. 
Also, as we might expect, some neurons require a higher threshold 
of C.E.S. than others and, therefore, more incoming impulses must 
sum their effects to activate these cells. The efferent neurons for the 
crossed extension reflex are of this type. Those for the flexion reflex 
are activated more quickly and more readily. 

THE SPINAL CORD AND POSTURE 

In order to maintain any posture or position of the body, some 
muscles must be contracted. Such muscles in general oppose the action 
of gravity by keeping the body erect and are called anti-gravity muscles. 
In most animals the extensor muscles fulfill this function. But in the 
sloth, a tree-living animal, the flexor muscles are the anti-gravity ones 
because the normal posture of the animal is the upside down position; 
it hangs by its four limbs from a branch and moves along it in this 
position. 

Muscles which are contracted for postural reasons are said to possess 
tone, a state of partial contraction. As you probably can recall, a given 
posture can be maintained for long periods. This was a puzzling phe- 
nomenon for a long time. How can a man stand on his feet all day 
long without overly fatiguing the extensor muscles in his legs? Is it 
because some muscle fibers can remain contracted almost indefinitely 
without tiring? The basis of this last question was that some muscles 
in invertebrate animals are apparently capable of such action. However, 
we shall see that this does not apply here. 

It has been found that there are afferent nerve fibers coming from 
muscles and receptors within the muscles. If the afferent fibers from 
an anti-gravity muscle are cut, that muscle can no longer maintain a 
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postural contraction. So long as the efferent fibers to the muscle remain 
intact, though, the muscle can still contract in response to afferent stim- 
ulation from other regions. If both afferent and efferent fibers of the 
muscle were intact, it was observed that the muscle would partially 
contract when stretched and remain contracted as long as stretching 
was continued. This stretch reflex is the basis for muscle tone and 
posture. Stretching a muscle stimulates certain proprioceptors in the 
muscle. Activation of such receptors sends afferent impulses into the 
spinal cord. Via intermediate and efferent neurons (Fig. xoo) impulses 
are relayed back to the muscle that was stretched and to the very fibers 
that were stretched. An extremely localized response is thus set up. 



Fig. xoo — The reflex arc for the stretch reflex. Compare with Fig. 97. 


The explanation for the lack of fatigue in postural contraction was 
next forthcoming. It seems that, when one group of muscle fibers in an 
anti-gravity muscle contract, a neighboring group relaxes. The relaxa- 
tion of the latter stretches its fibers and a new stretch reflex is initi- 
ated. The first group now relaxes, the second contracts, and the partial 
contraction of the muscle is maintained. The continuous alternation 
of fiber groups maintains muscle tone yet prevents undue fatigue of 
any one group of fibers. 

Flexor reflexes generally take precedence over extensor reflexes. The 
value of this becomes evident when we remember that a flexor reflex 
withdraws some part of the body from a harmful stimulus. The two 
sets are very closely allied, however. The flexor reflexes are responsible 
for most of the movements or changes in position of the body or its 
parts (disregarding voluntary movement for the present). But every 
movement begins from a certain posture and ends in another posture. 
And the maintenance of posture is largely the responsibility of exten- 
sor muscles. In a chain reflex like walking the interdependence becomes 
very clear. Standing still, one has a certain posture. A step forward 
with one foot disrupts this posture as the flexor contraction disrupts 
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the extensor tone pattern. But on the completion of the step a new 
extensor postural pattern is developed through stretch reflexes. This 
continues with the flexor reflexes stimulating new extensor reflexes and 
they in turn stimulating a succeeding flexor response. 

Reflex muscular responses are normally smooth and coordinated. 
The muscles do not contract sharply and jerkily. In part, for extensor 
reflexes, this is provided for by another set of receptors in anti-gravity 
muscles. When these are stimulated, stretch reflexes tend to be in- 
hibited. Normally the two sets of receptors actively antagonize one 



Fig. ioi — The contraction of an extensor muscle with its afferent nerves 
intact and then after they are cut (see text). 


another. As the muscle is contracting in response to a stretch, the 
inhibitory receptors (stimulated by the contracting fibers) send afferent 
impulses into the spinal cord which tend to inhibit the efferent neu- 
rons. The result is a smoother and more gradual contraction of the 
muscle. When the stretch is over and the muscle begins to relax, some 
of the relaxing fibers are stretched and the resultant reflex contractions 
tend to oppose the relaxation of the muscles. The relaxation as well 
as the contraction is thus made smoother and more gradual. Fig. ioi 
illustrates the difference in the reflex contraction of an extensor muscle 
when its own afferent nerve fibers are intact and when they are cut. 
In the latter instance note that the rise and fall of the contraction 
curve are much steeper and more sudden in the deafferented museby 
indicating a jerkier response. 
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FUNCTIONS OF THE SPINAL CORD 

We have so far seen that the spinal cord contains centers for a num- 
ber of reflexes. The neurons in the gray matter receive impulses from 
the receptors in the skin, viscera, muscles, etc., “interpret” them, and 
forward them to the appropriate efferent neuron-muscle combinations. 
There are many more spinal reflexes possible than we have mentioned, 
for all of which the integrity of the gray matter and its centers is 
essential. 

The efferent neuron of a reflex arc has been called the final com- 
mon path because impulses from many different regions converge upon 



Fig. x 02— The final common path. Nerve fibers converging upon an efferent 
neuron set up a certain amount of C.E.S. (+) or C.I.S. ( — ). In this case 
C.E.S. is predominant and the neuron discharges impulses (arrows). 

it and the impulses it sends out are the resultant of all the influences 
playing upon it (Fig. 102). Each impulse reaching an efferent neuron 
sets up a certain amount of C.E.S. or C.I.S. Whether that neuron dis- 
charges or not depends upon which of the states is predominant. Nerve 
impulses from receptors whose nerve fibers enter the spinal cord from 
other levels of the spinal cord and from various regions of the brain 
are eventually received by an efferent neuron. These impulses travel 
for the most part in the white matter of the cord. 

Another function of the cord, then, is to convey impulses to its 
various regions and to and from the brain. The white matter consists 
only of nerve fibers. These are grouped into collections of fibers which 
serve approximately the same function. Each such collection of fibers 
within the central nervous system is called a tract. In Fig. 103 is shown 
the location of some of the main tracts which ascend to the brain or 
descend from it. Each tract is found in the same position on each side 
of the cord, but for clarity’s sake only the ascending tracts are shown 
on one side, the descending on the other. We shall discuss these tracts 
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more fully when we become acquainted with the regions of the brain 
to which they go or from which they come. 



Fig. 103 — A cross-section of the spinal cord showing the positions of the 
main ascending and descending nerve tracts. 


SPINAL SHOCK 

We have only indicated that spinal reflexes can be influenced by 
impulses from the brain. Actually regions of the brain to a large extent 
control and can profoundly modify activity mediated by the cord. 
Striking evidence for this is given when the spinal cord is cut across 
and brain influences can no longer reach the portion of the cord below 
the cut. Although the reflex pathways are still completely intact below 
the level of the cut, in most species of animals a temporary cessation 
of all reflex activity occurs in this area. In the frog this condition of 
spinal shoc\ lasts but a few minutes, in a cat or dog perhaps half an. 
hour, and in a monkey a few days. In man, when the spinal cord is 
accidentally severed, spinal shock may last from one to three weeks. 
Thus, the higher the animal is in the evolutionary scale, the more pro- 
found the shock and the greater the dependence of the spinal cord 
on higher centers. There must normally be impulses descending from 
the brain which permit spinal reflexes to occur. We shall see other 
examples of the dominance of higher levels of the nervous system over 
lower levels as we proceed. 

THE STRUCTURE OF THE BRAIN 

The brain is the continuation of the spinal cord. The older portion, 
the brain stem, is vaguely similar to the cord in appearance. It is, of 
course, of larger bulk and of more irregular contour. Internally it too 
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consists of inner gray matter surrounded by outer white matter as a 
general rule, but these distinctions are less reliable than in the cord. 
There is some mixture of gray and white matter with the result that 
certain portions of the gray matter stand out. These clumps of gray 
matter are known as centers or nuclei (collections of nerve cell bodies). 

As it develops, the brain stem can be seen to 
consist of three main divisions (Fig. 104), the 
hindbrain, midbrain, and forebrain. These retain 
faint traces of their original segmental character 
and give rise to the twelve pairs of cranial nerves. 
By the time the brain is fully formed two large 
regions have been added. The cerebellum grows 
out of the hindbrain and the cerebral hemispheres 
from the forebrain. 

In Fig. 105 is a diagram of the brain cut in half 
down its midline. The brain stem portion of the 
hindbrain consists of the medulla and pons. Dor- 
sal to the latter is the cerebellum. Next is the mid- 
brain. The forebrain consists of the thalamus, 
hypothalamus, and cerebral hemispheres. Sus- 
pended by a stalk under the hypothalamus hangs 
the pituitary gland. 

THE CRANIAL NERVES 

The twelve cranial nerves innervate a great many 
structures in the head and in other parts of the 
body. Cranial nerve I, the olfactory nerve, is en- 
tirely sensory in function; its fibers run from the 

i(j iuc uc _ smell receptors in the nose to the cerebral hemi- 

veloping brain stem spheres. Cranial nerve II, the optic nerve, is also a 
and spinal cord. completely sensory one; it travels from the visual 
receptors in the eyeball to the thalamus. 

Cranial nerve III, the oculo-motor nerve, is a purely motor nerve. As 
its name implies, it has to do with movements of the eyes. It sends 
fibers to four of the six muscles of the eyeball. It also innervates 
muscles which control the size of the pupil of the eye and the curva- 
ture of the lens. The third nerve originates in the midbrain. Cranial 
nerves IV and VI, the trochlear and abducens nerves, arise in the mid- 
brain and pons respectively and innervate the other two muscles of 
the eyeball. 
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The trigeminal nerve, V, is the main general sensory nerve of the 
head region. Its sensory fibers bring impulses from the skin of the 
head, the teeth, and mucous membrane of the mouth into the pons. It 



also is a motor nerve to the muscles which move the lower jaw. The 
facial nerve, VII, is mainly motor in nature. Its fibers leave the pons 
for the muscles of the face and also to two of the three large salivary 
glands. Some sensory fibers from the taste receptors on the front two- 
thirds of the tongue are also found in this nerve. 

The auditory nerve, VIII, is purely sensory. It contains fibers from 
the auditory receptors and from those for equilibrium located in the 
inner ear. It conducts impulses into the pons. Cranial nerve IX, the 
glossopharyngeal nerve, sends motor fibers from the medulla to the 
third large salivary gland and the muscles of the pharynx which are 
involved in the swallowing process. Gn the sensory side it conveys 
impulses in from the rest of the taste receptors of the tongue, from 
the mucous membrane of the pharynx and from the carotid sinus. 

We have frequendy encountered the vagus nerve, X, in preceding 
chapters. It well deserves its name which means “wanderer.” On the 
efferent side its fibers run from the medulla to muscle in the esopha- 
gus, stomach, intestines, heart, and larynx; to glands in the stomach, 
mall intestine, and pancreas. On the afferent side its fibers come from 
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the alveoli o £ the lungs, mucous membrane of the larynx and stomach, 
and from the arch of the aorta. 

The spinal accessory nerve, XI, and the hypoglossal nerve, XII, are 
pure motor nerves. Both arise in the medulla, the former innervating 
the shoulder muscles and the latter the tongue muscles. 

Strictly speaking, the “purely” motor nerves are not solely motor. 
They also contain afferent fibers from the muscles they innervate 
which bring proprioceptive information into the brain. 

The efferent fibers of the cranial nerves arise in neurons within the 
brain stem (in the nuclei of the cranial nerves). The afferent fibers 
originate in receptors, of course, and with the exception of the optic 
and olfactory nerve fibers have their cell bodies in ganglia lying outside 
of but close by the brain. They are fairly similar to the spinal nerves 
an this respect. 

THE VENTRICLES AND CEREBROSPINAL FLUID 

The central nervous system originates as a hollow tube and retains 
a cavity even in the mature brain, although the cavity is much smaller 
than in the embryonic brain. In the spinal cord the remnant of the 
cavity is the central canal. The continuation of this canal into the hind- 
brain is called the fourth ventricle . The latter has a thin membranous 
roof which is very vascular. The fourth ventricle continues as the very 
narrow cerebral aqueduct in the midbrain. The third ventricle in the 
thalamic region has a similar roof to that in the fourth. The third 
ventricle communicates with the first and second ventricles, one in 
each cerebral hemisphere (see Fig. 106). 

These cavities are filled with the cerebrospinal fluid, a fluid derived 
from the blood and fairly like protein-free plasma. The cerebrospinal 
fluid is formed partly by filtration from the blood vessels in the roofs 
of the third and fourth ventricles, pardy by the secretory action of the 
cells of those membranous structures. 

The brain and cord are surrounded by three protective membranes 
or meninges. (Inflammation of these produces the disease called 
meningitis .) The outermost is a tough coat of connective tissue. The 
innermost, a thin membrane, covers the surface of the brain very inti- 
mately. The middle membrane consists of a web-like mass of fibers. 
Cerebrospinal fluid is also found in the spaces between these fibers 
and circulates between them and the ventricles via tiny openings in the 
medulla. The fluid eventually re-enters the blood stream through blood 
sinuses which empty into veins. 
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The cerebrospinal fluid serves a protective function. It cushions the 
central nervous system against sudden shocks and jars, liquid being 
much more able to absorb such blows than the delicate and soft nerv- 


ous tissue. 



Fig. io 6 — View of the inner surface of the brain showing ventricles. The first 
and second ventricles are within the cerebral hemispheres and cannot be seen. 


THE BRAIN STEM 

The brain stem includes a great number of reflex centers controlling 
the activities of many regions of the body. 

CONTROL OF REFLEX ACTIVITY 

We have already referred to the medulla from time to time as the 
seat of many vital centers. Here are located the respiratory ,, eardio- 
inhibitory , cardio-acceleratory, vasoconstrictor, vasodilator , swallowing,, 
salivary, and vomiting centers. The mere enumeration of these impor- 
tant places of integration indicates the essential importance of this 
region of the brain. 
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and from the arch of the aorta. 

The spinal accessory nerve, XI, and the hypoglossal nerve, XII, are 
pure motor nerves. Both arise in the medulla, the former innervating 
the shoulder muscles and the latter the tongue muscles. 

Strictly speaking, the “purely” motor nerves are not solely motor. 
They also contain afferent fibers from the muscles they innervate 
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from the blood and fairly like protein-free plasma. The cerebrospinal 
fluid is formed partly by filtration from the blood vessels in the roofs 
of the third and fourth ventricles, pardy by the secretory action of the 
cells of those membranous structures. 

The brain and cord are surrounded by three protective membranes 
or meninges. (Inflammation of these produces the disease called 
meningitis.') The outermost is a tough coat of connective tissue. The 
innermost, a thin membrane, covers the surface of the brain very inti- 
mately. The middle membrane consists of a web-like mass of fibers. 
Cerebrospinal fluid is also found in the spaces between these fibers 
and circulates between them and the ventricles via tiny openings in the 
medulla. The fluid eventually re-enters the blood stream through blood 
sinuses which empty into veins. 
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The cerebrospinal fluid serves a protective function. It cushions the 
central nervous system against sudden shocks and jars, liquid being 
much more able to absorb such blows than the delicate and soft nerv- 
ous tissue. 



Fig. 106 — View of the inner surface of the brain showing ventricles. The first 
and second ventricles are within the cerebral hemispheres and cannot be seen. 


THE BRAIN STEM 

The brain stem includes a great number of reflex centers controlling 
the activities of many regions of the body. 

CONTROL OF REFLEX ACTIVITY 

We have already referred to the medulla from time to time as the- 
seat of many vital centers. Here are located the respiratory t , eardio - 
inhibitory, cardio-acceleratory , vasoconstrictor, vasodilator , swallowing,, 
salivary, and vomiting centers. The mere enumeration of these impor- 
tant places of integration indicates the essential importance of this 
region of the brain. 
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Located in the midbrain are the centers for certain visual and audi- 
tory reflexes. The center for the reflex response to light of the pupil 
of the eye is among these. 

The hypothalamus is the oldest (in the evolutionary sense) part of 
the thalamic region. Its nuclei regulate or help to regulate body tem- 
perature , sleep, water balance, carbohydrate and fat metabolism. There 
is also evidence, though far from conclusive, that this region is an im- 
portant center for the emotions. 

ASCENDING NERVE TRACTS AND THE THALAMUS 

We are now in a better position to understand the tracts carrying 
sensory impulses to the brain. All the nerve pathways mediating sen- 
sations that reach consciousness, except that for smell, synapse with 
cells in the thalamus before going on to the cerebral hemispheres. 

The nerve fibers carrying pain and thermal impulses enter the spinal 
cord and synapse with neurons in the dorsal horn of the gray matter. 
The axons of these cells cross over to the other side of the spinal cord 
and ascend in the white matter as the lateral spinothalamic (from 
spinal cord to thalamus) tract to the thalamus. Touch and pressure im- 
pulses follow a similar pathway except that they ascend in the ventral 
spinothalamic tract. The fibers mediating muscle and tendon sense 
after entering the spinal cord ascend on the same side of the cord in 
the fasciculi (fasciculus is another name for “tract”) gracilis and 
cuneatus to the medulla. They synapse with cells here and the new 
axons cross to the other side of the brain and ascend to the thalamus. 

The thalamus is therefore a very important way station in the path 
of sensory impulses to the cerebral hemispheres. A certain amount of 
integration goes on here in that these sensory fibers are roughly re- 
grouped before passing on. It is possible that the thalamus is also the 
center for pain. Although all the other conscious sensations are known 
to have centers in the cerebral hemisphere, no center for pain has been 
located. Moreover, destruction of parts of the thalamus by disease or 
accident results in perhaps the severest pain that a man can experience. 

Not all sensations reach consciousness, however. The spinocerebellar 
tracts convey impulses from muscles, tendons, and joints to the cere- 
bellum, for instance; and no conscious registration of such impulses 
results. 

Because of the crossing of the sensory pathways, sensations received 
on the left side of the body are interpreted in the right cerebral hemi- 
sphere and vice versa. Also, because of the regions in which these tracts 
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cross, the distribution of sensory paralysis may seem a little odd when 
the cord is accidentally severed only half-way across. Below the cut 
(if the right half is cut across) there will be loss of proprioceptive 
sensations on the right side and loss of pain, temperature, touch, and 
pressure sensations on the left side. Since the proprioceptors inform 
us of the position of our limbs in space, a man so paralyzed would not 
recognize in what position his leg was unless he looked at it. 

In late stages of syphilis the fasciculi gracilis and cuneatus are de- 
stroyed by the organisms causing the disease. With the loss of proprio- 
ceptive information that these tracts carry, walking becomes very diffi- 
cult. A staggering or shuffling gait results. 

REGULATION OF POSTURE 

Centers in the brain stem markedly influence and control muscle 
tone and, therefore, posture. From the sense organs of equilibrium of 
the inner ear, nerve fibers enter the medulla and synapse with cells in 
the vestibular nuclei (see Fig. 105). From one of these nuclei the 
vestibulospinal tract descends to the efferent neurons of the spinal cord. 
So, when the head is shifted in position with respect to the ground 
and gravity or is rotated, impulses pass from the balancing organs to 
the medulla and thence to the neurons controlling skeletal muscle. A 
new muscle tone pattern is set up, the posture resulting generally 
functioning to maintain the balance of the body. The vestibular nuclei 
also send impulses to the nuclei of the cranial nerves controlling the 
eye muscles and aid in the regulation of eye movements. 

In the midbrain, lying near the red nucleus, (see Fig. 105) is a region 
which is apparently inhibitory to muscle tone. If the brain stem is cut 
across just below this region, greatly exaggerated muscle tone results 
— decerebrate rigidity — and the legs are stiffly extended. The removal 
of the inhibitory center in the midbrain releases lower excitatory cen- 
ters (probably the vestibular nuclei) from its control and increased 
tone results. 

There are even higher centers for the control of tone in the cerebel- 
lum and, most important of all, in the cerebral hemispheres. These 
are especially important in man and seem to be largely inhibitory also. 
There is, then, a hierarchy of controls over tone and posture — stretch 
reflexes initiate muscle tone and are modified by other spinal centers, 
the vestibular nuclei, midbrain influences, the cerebellum, and the cere- 
bral hemispheres. 
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THE CEREBELLUM 

Originally an outgrowth of the vestibular system, the cerebellum 
has little to do with equilibrium in the higher animals. Its oldest 
regions still influence equilibrium to a slight degree, but it has devel- 
oped newer and more important parts (see Fig. 107). Its anterior and 



Fig. 107— -A diagrammatic representation of the parts of the cerebellum. 


posterior lobes are mainly concerned with the regulation of muscle 
tone. Fibers from these regions pass to the red nucleus in the midbrain 
and from the latter the rubrospinal tract descends to the efferent neu- 
rons of the spinal cord. The cerebello-rubrospinal system seems to be 
predominantly inhibitory since its removal causes an increased tone 
of muscles while its stimulation causes lowered tone. « 

The most important regions of the cerebellum in the higher animals 
(including man) are the cerebellar hemispheres. Unlike the parts of 
the central nervous system we have noted so far, the gray matter 
( cortex ) of the cerebellum is the outer layer. These parts of the cere- 
bellum evolved along with the cerebral hemispheres. 
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Removal of the cerebellar hemispheres in experimental animals or 
their destruction by disease or accident in man brings on the symptom 
of asynergia. This term means widespread lack of coordination of 
voluntary movements. There may be swaying of the body, staggering 
gait, and tremors in muscles. Slurred speech results from incoordina- 
tion of the muscles controlling the vocal cords. Relatively fine move- 
ments are performed with difficulty. Complex movements may be 
broken up into their component parts. Thus, a person suffering from 
cerebellar dysfunction, when asked to raise his arm from his side and 
touch his nose with his hand, may first bend the arm at the elbow, 
then carry his finger by stages toward his nose — and finally miss the 
nose at the first attempt to touch it. Or such a person holding a glass 
in his hand and not being able to control his movements as a normal 
person would, may grasp it so tightly as to crush it. 

The cerebellar hemispheres have intimate connections with the 
cerebral hemispheres which under normal conditions are essential for 
the modulation of voluntary movements. 


THE CEREBRAL HEMISPHERES 


These large structures include the highest centers of the nervous 
system. Originating as outgrowths from the foremost part of the brain 
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Fig. 108 — The brains of man, cat and frog contrasted. The smaller figure of 
the frog brain gives its true size in proportion to the other brains. 


stem, the hemispheres grew tremendously during their evolution. In 
the frog they are a relatively small portion of the brain; in the cat they 
have grown back far enough to cover over the midbrain; in man they 
are so large that from the dorsal view they are the only part of the brain 
that is visible (see Fig. 108). 
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The surface of the cerebral hemispheres is marked by many grooves 
or sulci, the protruding areas between the sulci being known as gyri. 
The reason for the existence of the infoldings of the surface is that 
the surface grows at a faster rate than the interior of the hemispheres. 
Some of the sulci are deeper clefts than most and divide each hemi- 
sphere into four lobes (Fig. 109) — the frontal, parietal, occipital, and 
temporal lobes. 



Fig. 109 — The external surface of a cerebral hemisphere. 


Similar to the cerebellar hemispheres, the internal structure of the 
cerebral hemispheres exhibits an outer layer of gray matter, an under- 
lying layer of white matter, and some large masses of gray matter em- 
bedded in the white matter. The outer gray layer, the cerebral cortex, 
is the seat of the highest and most complex nervous functions. 

The cortex can be divided into six layers of cells in most regions 
of the hemispheres. Through painstaking anatomical study there have 
been established over two hundred different cortical areas, different 
with respect to arrangement of neurons, size of neurons, size or sub- 
division of layers, etc. What is the significance of this complex struc- 
tural differentiation of cortical areas? 

REMOVAL OF THE CEREBRAL HEMISPHERES 

The destruction of the cerebral hemispheres in various animals has 
shown that the higher an animal is in the scheme of evolution, the 
more dependent it is upon the cerebral cortex for the performance of 
complex activities and for life itself. A frog deprived of its cerebral 
hemispheres can apparently perform all of its normal activities; it is 
distinguished from a normal frog mainly by its apathy to things going 
on about it. A decorticated bird or dog can fly or walk respectively, 
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swallow food, and continue to live for many months if given proper 
treatment. Such animals move about, however, only when impelled to 
under the strong stimulation of hunger, thirst, or other unpleasant sen- 
sations. And they do not recognize or feed upon food placed before 
them, but must be fed if they are to survive. 

It sometimes happens that human infants, because of some defect in 
their embryoiogical development, are born without a cerebral cortex. 
Such infants have absolutely no capacity for learning no matter how 
long they may live. Widespread destruction of the cortex in adult man 
is usually fatal. 

It immediately becomes evident, then, that the cerebral cortex con- 
trols voluntary movements and is essential for the vast amount of inter- 
pretation and learning that is continually going on in a normal animal. 

LOCALIZATION OF FUNCTION IN THE CEREBRAL CORTEX 

We might assume that, since the cortex has so many anatomically 
distinct regions, anatomical differences underlie functional differences 
of these regions. Experimentation has confirmed this assumption. 




- eyes closed - 


-eyes closed 


Fig. i io — Brain potentials (“brain waves”). 

Various methods of study have been employed. Small or large areas 
of the cortex can be destroyed in experimental animals and the effects 
of such operations observed and tested. Similarly, disease of or acci- 
dent to the cortex in man yields like information. Under anesthesia 
localized stimulation of the cortex can also ascertain whether an area 
controls motor activity or is a sensory center. If stimulation results 
in muscular activity, the area must be motor in nature. Under local 
anesthesia it has been possible to stimulate human brains exposed 
during operations. The patient can tell what sensation is perceived 
under these circumstances. 

A more recent method makes use of “brain waves.” Neurons are 
continually active at all times and generate electrical energy as the 
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result of this activity. The difference in energy levels between cells 
or regions can be led off as brain potentials. A record of brain poten- 
tials is called an electroencephalogram. Brain potentials vary and are 
characteristic for different cortical areas. By means of electrodes brain 
potentials can be led from the brain and changes in them noted when 
some part of the body is stimulated. Fig. no illustrates the change 
in potentials when the eyes are opened and nerve impulses set up by 
light ray stimulation reach the brain. Other types of stimulation can 
be used in like manner. 

From these various kinds of studies many cortical areas have been 
localized as to function. The main ones are indicated in Fig. 109. 

Motor areas. The motor area is located in the frontal lobe. Stimula- 
tion of it results in well-coordinated movements of parts of the body. 
Removal of it results in paralysis of the skeletal musculature on the 
opposite side of the body. Originating here is the corticospinal tract 
which activates the efferent neurons of the spinal cord. This pathway 
crosses over to the other side of the brain in the medulla. Some fibers 
from the motor area also go to the neurons of the cranial nerve nuclei 
which innervate skeletal muscle, such as those moving the eyes and 
jaw. 

The parts of the body are represented in the motor area in an upside 
down fashion. Thus, stimulation of the upper part causes movements 
of the legs, a little lower down the trunk and then arms, neck, and 
head. Representation of parts of the body is not in terms of size of 
the region but rather in terms of the complexity of movements possible 
in a region. The hand, for instance, occupies more space in the motor 
area than the arm, the thumb more than the fingers. 

Just forward of the motor area lies the premotor area. This region 
is probably the highest center for muscle tone control. Its action is 
largely inhibitory, since its destruction releases lower centers and tone 
is greatly increased. 

Sensory areas. In the parietal lobe, just opposite the motor area, 
lies the general sensory area. This region receives the projections from 
the thalamus of the fasciculi gracilis and cuneatus and the spinothalamic 
tracts. It is, therefore, the center for muscle and tendon sense, touch, 
temperature, and pressure. You will remember that pain impulses ap- 
parently do not reach the cerebral cortex. 

The occipital lobe contains the visual area which receives impulses 
from the retinas of the eyes relayed by the thalamus. Destruction of 
the visual areas results in blindness. 

The auditory area is located in the temporal lobe. Unlike destruction 
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of the visual areas, destruction of both auditory areas does not result 
in complete loss of sensation. Although some impairment of hearing 
results, complete deafness does not. 

The areas for taste and smell have not been definitely localized as yet. 

Association areas. The remainder of the cerebral cortex is made up 
of regions which have no specific motor or sensory functions. As you 
can see in Fig. 109, they constitute the greater part of the cortex. The 
association areas , as they are called, are the centers in which incoming 
sensory impressions are integrated. The many sensations that we are 
continually receiving are formulated into concepts that give meaning 
to our perceptions. Varied sensations are collected and unified. In these 
centers our “thinking” occurs, ideas arise, and memories are “stored.” 
In other words, the association areas are concerned with the concep- 
tualization of material objects and of abstractions. 

Much of our thinking is in terms of symbols, especially language 
symbols. Perhaps the most forceful illustration of the functions of the 
association areas is what happens in their absence. There are associa- 
tion areas linked with each more specific area of the cortex. When such 
an association area is destroyed, aphasia results — there is a loss of 
either the ability to understand spoken or written language or the ability 
to express oneself in written or spoken language. More specifically, if 
the visual association area is destroyed, the patient is unable to read 
written words. His vision is not impaired in the least, but he cannot 
interpret the words he sees. He can, however, understand spoken words. 
If the auditory association area is lost, the patient can hear but not 
understand spoken words. Two kinds of motor aphasia may occur. A 
patient may be able to move his hands and arms perfectly for everything 
but writing coherent words. Or the patient may be unable to speak in- 
telligibly although his vocal cords are not paralyzed. 

REFLEX ACTION IN THE CORTEX 

When sensory impulses arrive in the cortex, they do not necessarily 
just remain as sensory impressions. They are very often, perhaps more 
often than we realize, relayed on to efferent neurons and reflex re- 
sponses ensue. Something generally happens (in a motor sense) as the 
result of sensations we experience. Even the acts we look upon as 
voluntarily initiated may, in some cases, be reflex in nature, the causa- 
tive agent being some stimulus not easily recognized. 

The reflex pathways through the cerebral cortex are more complex 
than others, probablv involving a longer chain of neurons in the reflex 
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arc. Cortical reflexes are more difficult to analyze and trace for this 
reason, but reflexes they are nonetheless. At some moments the ascend- 
ing pathways to the cortex via the thalamus may be looked upon as 
the afferent side of a reflex arc; impulses arriving in a sensory area are 
then shunted either directly or indirectly (through some association 
area) to a motor area; from this motor area impulses are directed to 
muscles or glands which give the measurable response. 

CONDITIONED REFLEXES AND LEARNING 

Many of the above types of reflexes are what we call conditioned 
reflexes — those acquired by experience. Many of our “habits” are 
reflex acts. 

A conditioned reflex is acquired by repetition of a certain procedure. 
For example, a dog will salivate when shown some food. This is an 
unconditioned, inherited reflex. If at the same time the food is shown, 
a bell is rung, and this procedure repeated a few times, the dog will 
salivate in response to the ringing of the bell even when the food is 
not shown to it. This is a conditioned reflex. We may respond similarly 
when a dinner gong is sounded — we have learned that it means food 
and our mouths water when we hear it. Another common example is 
the ability to open a combination lock (once you have learned the 
manipulations involved) even though you ‘may not be able to tell what 
the combination is. 

Conditioned reflexes are dependent upon the integrity of the cerebral 
cortex and may be quite complex. In fact, the exact mechanism of their 
establishment is not known. They are one type of learning. We also 
are able to learn by trial and error and by insight. In the latter case we 
suddenly are “hit” by the solution of a problem and can solve it imme- 
diately without applying the more laborious trial and error method. 
We know very little indeed about the nervous mechanisms involved in 
learning. About all we can say definitely is that a certain amount of 
the cerebral cortex must be present if it is to go on. 

In the thin layer of gray matter covering the cerebral hemispheres 
reside the factors and mechanisms which differentiate man from all 
other living things. In many other respects his body or its parts are 
inferior or, at best, only equal to those : of other animals, Through his 
cerebral cortex he has the weapons of intellect and reason to a greater 
extent than all other living creatures. They have enabled him to dom- 
inate the world today. Let us hope that they will lead him to a better, 
more rational life in the future. 
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THE AUTONOMIC NERVOUS SYSTEM 

Anatomically, the autonomic nervous system is a special portion of 
the peripheral nervous system. This system is concerned with the auto- 
matic control of the visceral organs and their activities. 

STRUCTURE 

The autonomic nervous system is a dual system, structurally and 
functionally. Its two subdivisions are called the orthosympathetic and 
parasympathetic systems. Each system is based upon a reflex network 
which shows some modification of that in the central nervous system. 


pveqanqliom'c dorsal spinal ganglion in 

neuron roof ganglion aympstho+ic chain 



Fig. hi — A n autonomic reflex arc. Preganglionic neurons in the lateral horn 
of the gray matter of the spinal cord may send their fibers to a postganglionic 

neuron in a ganglion of the sympathetic chain ( r— ), to a postganglionic 

neuron in a collateral ganglion (— ) or to a postganglionic neuron in a 

terminal ganglion ( — — • •)• 

The afferent neurons are very similar to those we have dealt with 
before. They begin in receptors in various visceral regions and have 
their cell bodies in a spinal ganglion or a ganglion lying near the brain. 
They then continue into the brain or spinal cord via the cranial nerves 
or dorsal roots respectively. The exact pathways of many autonomic 
reflexes within the central nervous system are not very clear. The 
afferent neurons, either directly or through some intermediate neurons, 
make connections with autonomic efferent neurons. Differing from the 
other reflexes we have studied, there are two efferent neurons in the 
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autonomic reflex arc. The first of these is found in the central nervous 
system and sends its axon to a ganglion outside the cord or brain. For 
this reason it is called a preganglionic neuron. The preganglionic axon 
synapses with a neuron in the ganglion which sends its axon to the 
effector organ — smooth or cardiac muscle or a gland. This second 
efferent neuron is the postganglionic neuron. An autonomic reflex arc 
is sketched in Fig. in. 

The orthosympathetic system. The orthosympathetic system is 
sometimes referred to as the thoracico-lumbar division because its pre 
ganglionic neurons arise in the lateral horns (see Fig. in) of the gray 
matter of the thoracic and lumbar segments of the spinal cord. The 
preganglionic axons leave the cord by the ventral root and then leave 
the root. They may now terminate in one of three places. 

Along either side of the spinal cord is a chain of ganglia — the sympa- 
thetic chain. Some preganglionic axons synapse with cells in these 
ganglia. The postganglionic axons from these ganglion cells join the 
spinal nerves and are then distributed to smooth muscle and glands in 
the superficial regions of the body, such as the skin. (Some postgan- 
glionic axons do not rejoin the spinal nerves but go to organs of the 
head and thoracic cavity.) Other preganglionic axons pass through 
ganglia of the sympathetic chain without synapsing and terminate in 
ganglia lying free in the abdominal cavity —collateral ganglia. Post- 
ganglionic axons from these ganglia then pass to smooth muscle and 
glands in the abdominal organs. Still other, but comparatively few, 
preganglionic axons synapse with cells in terminal ganglia which lie 
in the walls of the organs innervated. Postganglionic axons then travel 
the very short distance to the effectors of that organ. 

The parasympathetic system. Another name for the parasympa- 
thetic system is the craniosacral division because its preganglionic 
nerve cells are found in the brain and sacral segments of the spinal 
cord. The preganglionic axons then proceed to terminal ganglia which 
lie in the walls of the organs innervated. Postganglionic axons have 
to travel only a very short distance before reaching the effectors they 
control. 

There is not the same variety of ganglia in the parasympathetic sys- 
tem. Note also that in the orthosympathetic system the preganglionic 
axons are relatively short and the postganglionic generally long while 
the opposite holds true for the parasympathetic system. 
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FUNCTIONS OF THE AUTONOMIC SYSTEM 

A glance at Fig. 112 will show that almost every visceral organ re- 
ceives a double innervation — both orthosympathetic and parasympa- 



Fig, 1 J2 — -The organs innervated by the autonomic nervous system. Para- 
sympathetic (cranio-sacral) fibers are indicated by dotted lines, ordiosym- 
pathetic (thoracico-lumbar) by solid lines. Parasympathetic impulses con- 
strict the pupil of the eye; promote a profuse, watery secretion of saliva; 
slow the heart rate; constrict the trachea and bronchi; promote peristalsis in 
the esophagus; provoke secretion of pancreatic juice; tend to augment peri- 
stalsis and secretory activity in the stomach and intestines; cause contraction 
of the bladder. Orthosympathetic impulses dilate the pupil of the eye; pro- 
mote a scanty, viscous secretion of saliva; speed the heart rate; dilate the 
trachea and bronchi; tend to inhibit peristalsis and secretory activity in the 
stomach and intestines; cause relaxation of the bladder. 
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thetic systems send nerve fibers to it. In general the fibers from each 
system have antagonistic actions on the various organs. 

The heart rate is accelerated by orthosympathetic impulses, slowed 
by parasympathetic (vagal) impulses. The motility and secretion of 
the digestive tract are augmented by parasympathetic impulses, in- 
hibited by orthosympathetic ones. The pupil of the eye is constricted 
by parasympathetic impulses, dilated by orthosympathetic ones. And 
so on for the many viscera. 

Most of the nervous regulation of the various systems that we have 
discussed is autonomic in nature, the autonomic system thus being a 
most essential integrating apparatus in the preservation of the dynamic 
equilibria involved in living. 

For a long time the autonomic nervous system was believed to be 
quite independent of the central nervous system. Recent studies show 
more and more that the two systems are closely interrelated. It may 
even be said that these divisions of the nervous system are quite arbi- 
trary and are so named purely for the sake of convenience. It is now 
known that afferents from either the autonomic or the central nervous 
system may initiate reflex responses through the other system. Centers 
for the control of the autonomic system are located at every level of 
the central nervous system. The respiratory, cardiac, and other centers 
of the medulla are certainly autonomic in nature. Other centers are 
located in the midbrain, hypothalamus (very important ones), cere- 
bellum, and cerebral cortex. Evidence is becoming increasingly impres- 
sive for the close correlation of both systems in the coordination and 
integration of bodily parts and processes that constitute the unified 
living organism. 

JUNCTIONAL TRANSMISSION 

The transmission of the nerve impulse from neuron to neuron or 
neuron to muscle has been one of the most intriguing and debated 
problems in nervous physiology. It still remains partially unsolved. 

What now seems definite is that in the autonomic system the trans- 
mission of the impulse is brought about by the liberation of chemical 
substances at the nerve endings. These substances in turn activate the 
next structure in line. At most postganglionic nerve endings in the 
sympathetic system, sympathin is the impulse transmitter. At para- 
sympathetic postganglionic endings and at all autonomic preganglionic 
endings, acetylcholine is the substance released. 

There is some evidence that acetylcholine may also be the trans- 
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mitter at the myoneural junction in skeletal muscle and even at the 
synapses in the central nervous system. Many physiologists maintain, 
however, that in these regions the synaptic transmitter is electrical in 
nature. There is no way at present of deciding in favor of either theory. 
Eventually it may be found that a combination of the two is actually 
the answer. 

THE SENSES 

Man is equipped with receptors for receiving a great variety of 
stimuli. These respond to changes in both the internal and external 
environment. To be activated each receptor must be stimulated with a 
minimal amount of energy. Every receptor is especially sensitive to a 
particular form of energy and has a lower threshold for it than for any 
other kind. When activated, the receptor responds by initiating a 
volley of nerve impulses in the afferent nerve fiber that leads from it. 

There are many varieties of sensations. Man not only has a “sixth” 
sense but a “seventh”, “eighth”, and so on. There are receptors sensh 
tive to light, sound, smell, and taste; to pain, touch, heat, cold, pres- 
sure, and tickle; to rotation and changes in balance; to muscle, tendon, 
and joint sense. For most of these sensations we know the receptors 
involved. For some other sensations — like hunger, thirst, and sexual 
sensations — we know comparatively little about the receptors involved 
and the mechanisms of perception. 

We have already classified receptors into exteroceptors, entero- 
ceptors, and proprioceptors. They can also be classified in other ways. 
For some receptors the stimuli must actually make contact with the 
body — touch, tickle, some kinds of pain and pressure, etc. Others can 
sense stimuli coming from a distance— visual and auditory receptors. 
Still others are best stimulated by chemicals in solution — taste and 
smell receptors. 

Receptors vary in structure from simple nerve endings to rather 
complex sense organs like the eye and ear. 

VISION 

Vision is the sense upon which man places most reliance. The eyes 
are very complicated sense organs, as they must be to fulfill their func- 
tions. Vision is an intricate process involving sensitivity to light rays 
and the perception of form, color, depth, and distance. To understand 
the functions of the eyes we must first know their structure. 
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x ^ ' -STRUCTURE OF THE EYE 

e eye is protected on three sides by projecting bones of the skull 
and furthermore by the eyelids and by the secretion of tears. The win\ 
reflex is evoked whenever some object approaches too close to or 
actually touches the eyeball. The blinking of the lids that goes on 
normally also serves a good purpose in that it prevents excessive fatigue 
of the eyes. Try staring at a line of printed words without blinking. 
Fairly soon the words will blur. Now blink your lids once and note 
that the short rest has cleared your vision very perceptibly. Tear secre- 



tion, which goes on continually, keeps the front of the sensitive eyeball 
moistened and also washes away foreign particles or irritants. The tear 
or lachrymal gland lies just above the eyeball and can be reflexly stim- 
ulated to excess tear secretion by the contact of a foreign particle with 
the eyeball. The tears are spread over the surface of the eyeball by 
the blinking of the lids and drain into the nasal cavity through a duct. 

The globular eyeball has a three-layered wall (see Fig. 113). The 
outer sclera is tough and fibrous (it is seen as the “white of the eye”), 
and is modified in the front of the eyeball into the transparent cornea. 
The middle coat is the pigmented and vascular choroid layer which 
continues, in the front of the eyeball, as the ciliary body and the iris, 
the ring of colored tissue. The hole in the center of the iris is the pupil; 
the blackness of the pupil is due to the fact that one looking at it sees 
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the dark interior of the eyeball. The innermost layer is the retina which 
contains the receptors for vision, the rods and cones , and from which 
the optic nerve begins. 

Between the cornea and iris is the anterior chamber and between 
the iris and crystalline lens the posterior chamber. Both chambers con- 
tain a watery fluid, the aqueous humor. The largest cavity of the eye- 
ball is the vitreous chamber which contains a viscous fluid, the vitreous 
humor. 


PERCEPTION OF FORM 

Refraction of light rays. Light rays are bent ( refracted ) in passing 
from one medium into another of different density. For this reason 



Fig. i 14 — A stick appears bent when placed in water due to the refraction of 
the light rays when passing from a lighter (air) to a denser (water) medium. 

a straight stick, partly in water and partly in air, appears bent (Fig. 
1x4). A glass lens, which is a transparent piece of glass ground to a 
certain curvature, has the property of refracting light rays. Any ray 
of light which strikes a lens perpendicular to its surface, however, will 
not be refracted (a in Fig. 115). Rays striking a lens at an angle are 
refracted; the greater the angle, the greater the refraction (b and c 
in Fig. X15), A convex lens (Fig. 115) will focus parallel rays of light 
to a single point behind it. The distance between the nodal point of 
the lens (its optical center, through which rays pass without being 
refracted) and the point of focus of parallel rays is called the principal 
focal distance. This distance is used as a measure of the focusing 
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strength of a lens. The greater the curvature of the surface of the lens, 
the greater its refractive power and the shorter its principal focal 
distance. 


principal -focal distance 



lens 

Fig. 1 1 5— A convex lens focuses parallel rays of light to a single point 
behind it. 



Fig. ii 6 — Formation of an inverted, smaller image of an object by a convex 
lens. 

Formation of an image. An image of an object is formed by a lens 
in the manner diagrammed in Fig. 116. All the light rays from point 
A are brought to a focus at C and all those from other points on A B 
at corresponding points behind the lens. Thus, an inverted, smaller 
image of the object is formed. 

A similar method of image formation occurs in the eye (Fig. 117). 
Actually the process is more complicated because there are more re- 
fractive surfaces in the eyeball, but the principle involved and the 
end result are the same as with a simple lens system. A small, inverted 
image of an object in the field of vision is formed upon the retina. Most 
of the refractive power of the relaxed eye is in the cornea, the lens not 
being essential for viewing distant objects (20 or more feet away) in the 
normal eye. For all practical purposes light rays from such objects are 
parallel when they strike the cornea. 

Importance of the lens. If the lens is relatively unimportant in the 
image formation of distant objects, of what ttse is it? In order to see 
distant objects clearly, the principal focus of the refracting system of 
the eye must lie on the retina. But what happens when the object 
viewed is less than twenty feet distant? The rays of light coming from 
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Fig. i i 8 — A blurred image will result if a normal, relaxed eye views an 
object nearer than 20 feet from it (see text). 


it will be divergent when they strike the cornea and will focus behind 
the retina (Fig. 118). In order to bring these rays to a focus on the 
retina, the refractive power of the eye must be increased. 

This is where the lens becomes important. The lens is an elastic 
body whose thickness can be varied. The thicker it becomes, the more 
curved its surface is and the greater its refractive power. The nearer 
the object to be viewed, the more the lens is made to bulge. This 
process is called accommodation. It is effected by the contraction of 
the ciliary muscles of the ciliary body. Contraction of these muscles 
slackens the tension in the suspensory ligaments which hold the lens 
taut in the relaxed eye. When the tension drops, the lens bulges for- 
ward because of its elasticity. 

Accommodation can proceed only to a certain extent; that is, an 
object closer than a certain minimal distance cannot be focused clearly. 
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For every eye there is, therefore, a near point of distinct vision. For 
a twelve-year-old with normal vision this point is about two and one- 
half inches in front of the eye. With increasing age the lens gradually 
loses its elasticity and is unable to accommodate as strongly. This con- 
dition is called presbyopia or old-sightedness. Since at sixty years of 
age the near point has generally receded so that it is then a yard or 
more distant from the eye, older people may in the normal course of 
events have to resort to wearing glasses for seeing near objects. 



Fig. i 19 — Parallel rays of light will come to a focus behind the retina of a 
farsighted eye ( A ) and the image will, therefore, be blurred. Use of an 
appropriate convex lens corrects the condition ( B ). 

Errors of refraction. Normal eyes sharply focus parallel rays of light 
on the retina; but many eyes have some error of refraction. 

Farsightedness or hyperopia generally results from an eyeball that is 
too short for its refractive power. Parallel rays of light tend to focus 
behind the retina and a blurred image is seen (Fig. 119 A). By accom- 
modating, the farsighted person can focus distant objects clearly. This 
will result in considerable eye strain if allowed to go uncorrected. By 
using a convex lens (one thicker in the middle than at the periphery) 
parallel light rays are converged enough before reaching the cornea 
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to be focused properly (Fig. 119 B). The more farsighted a person is, 
of course, the more convex his glasses must be. 

Nearsightedness or myopia generally results from an eyeball that is 
too long. Parallel rays of light are focused in front of the retina and 
the image is blurred (Fig. 120 A). By accommodating for such rays a 
nearsighted person would only aggravate the condition and must resort 




Fig. 120 — Parallel rays of light will come to a focus in front of the retina 
of a nearsighted eye (A) and the image will, therefore, be blurred. Use of an 
appropriate concave lens corrects the condition ( B ) . 

to concave glasses (thicker at the periphery than in the middle) for 
relief. Such lenses diverge rays before they reach the cornea and thus 
allow them to be focused (Fig. 120 B). Unlike the normal or farsighted 
eye which has no definite jar point of vision, (stars millions of miles 
away can be seen, for instance), the myopic eye has a finite far point 
beyond which it cannot see objects clearly. 

An even more common refractive error is astigmatism. This results 
from the cornea having unequal curvatures in one or more planes. 
Light rays in one plane are properly focused while those in another 
are not. An astigmatic person whose vision is defective for rays in 
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the vertical plane will see a cross as pictured in Fig. 121 B. For this 
type of defect cylindrical lenses are prescribed as corrective. 

A & 

+ + 

Fig. 121 — A cross as seen by a person with normal sight ( A ) and by one 
with astigmatism for the vertical plane ( B ). 

Pupillary reflexes. The iris has two sets of smooth muscle in it. One 
circles about the pupil and will constrict the pupil when it contracts. 
The other is arranged like the spokes of a wheel and will dilate the 
pupil when it contracts. 

In bright light the pupil reflexly constricts; in dim light it dilates. 
The amount of light reaching the retina initiates these reflexes and 
the reflexes in turn regulate the amount of light which can enter the 
eye. The pupil is also reflexly constricted when accommodation occurs. 

These reflexes serve a dual function. In dim light or when looking 
at distant objects, dilation of the pupil allows more light to fall upon 
the retina, making for better vision in either case. In looking at near 
objects constriction of the pupil permits sharper focus of light rays. 



Fig. 122 — Spherical aberration. Rays of light passing through the periphery 
of a lens are brought to a focus closer to the lens (exaggerated here) than 
those passing through the center. 

All lenses, including the eye’s, have a defect known as spherical aber- 
ration — rays passing through the periphery of the lens are brought to 
a focus sooner than those passing through the center (Fig. 122), a 
partial blurred image resulting. Constriction of the pupil eliminates 
the marginal rays and thus aids visual acuity or keenness. 

THE RODS AND CONES 

The light-sensitive elements of the retina are the rods and cones 
(Fig. 123). All protoplasm seems to be somewhat sensitive to light, 
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but specialized cells like these receptors are much more sensitive. 

In the center of the retina there is a small pit, the fovea (Fig. 113), 
which contains only cones. On either side of the fovea there are both 
cones and rods whose concentration progressively diminishes as their 
distance from the fovea increases. At the extremes of the retina only 


cone rod 



Fig, 123 — A rod and a cone. 

rods are found. To one side of the fovea is the place of exit of the 
optic nerve. This region is called the blind spot because light rays 
falling upon it are not perceived. Light rays, therefore, can only be 
seen if they fall upon rods or cones and not if they fall upon nerve 
fibers. To demonstrate the presence of the blind spot, hold Fig. 124 
in front of you. Close the right eye and focus on the X with your left. 



Fig. 124 — The blind spot. See directions in text. 


Shift the book backward or forward until the circle is no longer visible. 
At this point light rays from the circle fall on the optic nerve fibers and 
are not seen. 

Visual purple. The rods contain a chemical substance called visual 
purple which in the presence of light bleaches to a yellow color. In 
the dark it is reconverted to its purple state. It is believed that the 
chemical change induced in the visual purple initiates the nerve im- 
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pulses arising in the rods. Whether a similar process goes on in the 
cones is not known. 

Central vs. peripheral vision. When vision initiated at the fovea 
(central vision) is compared with that initiated at the extremes of the 
retina (peripheral vision), it is observed that central vision is very 
acute, colorful, is at its best in bright light, and adapts itself to dim 
light poorly; peripheral vision is less acute, colorless, is at its best in 
and adapts very well to dim light. Since the fovea contains only cones, 
the characteristics of central vision are attributable to them and pe- 
ripheral vision must be mediated by the rods. 

The ability of the rods to adapt themselves to dim light makes them 
more sensitive to light of low intensity than are the cones. For best 
vision in dim light, then, it is wise not to focus directly upon the 
object you are looking at, for its light rays would then fall upon the 
fovea. It is preferable to look slightly off center at the object so that 
the light rays will fall where the concentration of rods is thickest. 
Some night first try looking at a dim star directly and then shift your 
gaze slightly; note the improvement in visual clarity. 

It may take the rods as much as thirty minutes to adapt completely 
to dim light. This may mean that it takes this long for enough visual 
purple to be re-formed to achieve maximal sensitivity to such light. 

Perception of color. Most theories of color vision attribute color 
perception to three different types of cones, each being sensitive to 
one of the three primary spectral colors. In the visible spectrum red, 
green, and blue are these three colors. Combination of the three pro- 
duces white — and stimulation of all three simultaneously is believed to 
cause white to be perceived. Other combinations of stimuli produce 
the other colors we see. 

The problems of color vision are complex and, as yet, very inade- 
quately answered. No one theory has been able to explain all the 
known facts. We must await some future solution for this extremely 
interesting and perplexing process. 

PERCEPTION OF DEPTH AND DISTANCE 

The adequate perception of a three-dimensional world is largely due 
to the fact that man has binocular vision — sees with two eyes which 
are widely enough separated to get slightly different views of the same 
object. The construction of the visual pathway to the brain then makes 
possible the fusion of these two images into a single one in our mind’s 
eye. 
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The visual pathway (see Fig. 125). The rods and cones synapse 
with some intermediary neurons in the retina which in turn give rise 
to the optic nerve fibers. Each optic nerve runs to the brain where the 
fibers from the inner half of each retina cross to the other side of the 



Fig. 125 — The visual pathway. 


brain. Nerve fibers from the right half of each retina now proceed to- 
gether as the optic tract to the thalamus . From the thalamus new fibers 
are sent to the right visual area of the cerebral cortex. The fibers from 
the left half of each retina follow a similar route to the left visual area. 

Corresponding-point vision. Each point on one retina has a cor- 
responding point on the other. Because of the arrangement of the 
visual pathway, nerve impulses from corresponding points are relayed 
to the same point in one visual area; so although two images are 
formed on the retinas, only one image sensation results. 
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Any images which do not fall on corresponding points will give rise 
to two image sensations. Actually all other objects in the field of vision 
but the one being focused on are seen doubly. Ordinarily we take no 
cognizance of these images in our concentration upon the one object. 
To observe these double images, hold up two pencils, one behind the 
other and about a foot apart. When you focus on one of the two, the 
other will appear double. 

These are normal occurrences. Double image vision can, however, 
be abnormal. If one of the six eye muscles which control the movement 
of the eyeball is weakened, the two eyes will not be able to move 
synchronously. Since one eye will not focus properly, light rays from 
objects will fall upon non-corresponding points and two images will 
be seen. A person with this disability generally learns through experi- 
ence to disregard the false image created. This may lead to overwork 
of the good eye and eye strain. It can be corrected by special glasses 
or even by surgery on the muscle. 

Perception of distance. The visual fields overlap in animals with 
binocular vision and this with corresponding-point vision makes for 
superior distance vision. Animals whose eyes are on the sides of their 
heads or people with one eye have only monocular vision and their per- 
ception of distance is inferior. They still can judge distance to some 
extent by clues such as the clearness of an object, the intensity of light 
coming from it, the interposition of hearer objects, or the purity of 
its color. 

The clues for distance vision that a man with two eyes has are the 
degree of convergence of the eyes, the degree of accommodation, and 
parallax. The first two depend upon learning through experience to 
judge at what distance an object is by the amount of contraction of 
the muscles involved in convergence and accommodation. Parallax is 
the apparent displacement of an object when viewed from two separate 
points. It applies here in that the two eyes are separated enough for 
each to give a slightly different view of an object with respect to the 
background behind it. For instance, hold up one finger, focus on it 
and then alternately close your eyes. Note the apparent shift in position 
of the finger with respect to the background. 

. Depth perception. Because the left eye views more of the left 
side of an object and the right more of the right side and because we 
learn to recognize that one part of an object is farther away than an- 
other, we interpret images on the retinas that possess these differences 
as coming from an object possessing depth. Three-dimensional or 
stereoscopic vision gives the world a far different appearance from that 
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which it would have if we were to view it without the stereoscopic 
effect. 

Interpretation by the cortex. You will note that many of the aspects 
of vision that we take for granted are the results of learning through 



Fig. 126 — Projection. Focusing on the far object causes the near one to ap- 
pear double (the light rays from the latter fall upon non-corresponding 
points on the two retinas). Closing one eye, we think the opposite of the 
double images disappears (see text). 

experience. The clues for distance and depth perception are in this 
category. There is also the phenomenon of projection. We learn to 
associate rays falling on one half of the retina with objects in the 
opposite part of the field of vision. Thus, if we hold two pencils up 
behind one another as before and focus on the far one, we see two 
images of the near pencil (Fig. 126 A). Now close the right eye and 
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note that the left image of the double image disappears (Fig. 126 B). 
Even though the rays going to the right eye are the ones shut off, we 
think the left image disappears. This occurs because the rays cut off 
had fallen on the outer half of the right retina, and through experience 
we have learned to project objects to the left part of the field of vision 
when light rays impinged upon that part of the retina. 

We also interpret the inverted images falling upon the retina as 
right-side-up sensations. That this is actually learned is proved by the 
following experiment. A scientist put on a pair of glasses that made 
images appear right side up on the retina. He then saw everything 
upside down. Keeping them on for some days, he learned to get used 
to an “upside down world.” Then after he had learned, he took the 
glasses off and found that he had to relearn to interpret things as they 
normally were. 

It is no exaggeration to say that the eyes and visual pathway merely 
furnish the raw material which enables our cerebral cortex to do the 
actual “seeing.” 

HEARING 

While light rays may travel through a vacuum, sound waves require 
some medium like air or water. Transmission of sound waves through 
both of these media is necessary before they reach the auditory re- 
ceptors. 

The process of hearing may be divided into two parts. One is the 
conduction of sound to the inner ear; the other is the reception of 
sound by the cochlea and its interpretation. 

CONDUCTION 

The ear (Fig. 127) consists of three parts — outer, middle, and inner. 
The pinna or external portion of the outer ear directs sound waves into 
the canal called the auditory meatus. The somewhat funnel-like shape 
of the pinnae helps to direct sound into the meatus. They are of 
greater service as regards this function for other animals than for man 
because, in the former, they can be moved in the direction of the 
source of sound. Some of us can “wiggle” our ears, but this is about 
as much as we can maneuver them. Even so, the pinnae are useful to 
some degree. 

Sound waves travel through the meatus to the eardrum. They set 
the latter into vibration, and the vibrations of this membrane are 
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transmitted through the middle ear by a bridge of three small bones — 
the hammer, anvil, and stirrup (so called because of their shapes). 

The middle ear is filled with air which must be kept at the same 
pressure as that on the other side of the eardrum in order not to dam- 
age the eardrum. If you have ever climbed mountains (or even taken a 
fast elevator ride in a tall building), you may have experienced a 
feeling of pressure in your ears. Then suddenly a “click” — and the 
pressure is relieved. This is what happens. There is a drop in atmos- 



Fig. 127 — A section through the head showing the outer, middle and inner 


pheric pressure as you ascend which disturbs the balance of pressure 
on either side of the eardrum, the pressure being higher now in the 
middle ear. Connecting the middle ear with the pharynx is the Eusta- 
chian tube. Most of the time this remains closed. When you swallow, 
it opens. The pressure being greater in the middle ear than in the 
pharynx, air now leaves the middle ear by the Eustachian tube until 
the pressure is equalized. The click is probably the snapping back of 
the eardrum which had been bulging outward because of the higher 
pressure inside. 

Vibrations are transmitted by the middle ear bones to the oval win- 
dow, a membrane separating the middle from the inner ear. Before 
we can continue this account, we must become acquainted with the 
structure of the cochlea. 
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STRUCTURE OF THE COCHLEA 

The cochlea of the inner ear is a spirally coiled organ embedded in 
the temporal bone of the skull. When uncoiled, it is seen to be a cone 



Fig. 128 — A sketch of the cochlea uncoiled to show its canals. 


composed of three canals (Fig. 128). The vestibular and tympanic 
canals are filled with a fluid called perilymph and communicate with 
one another at the apex of the cochlea. At the base of each are found 


cochlear canal 



the oval and round windows respectively. The central cochlear canal 
is filled with endolymph. 

Separating the tympanic and cochlear canals is the basilar membrane 
upon which rests the organ of Coni (Fig. 129). The latter contains 
“hair” cells (ciliated cells) which are the auditory receptors and from 
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which the auditory nerve fibers arise. The cilia o£ the hair cells are in 
contact with the tectorial membrane which overhangs the organ of 
Corti. 

RECEPTION OF SOUND WAVES 

When the oval window is set into vibration by movements of the 
Stirrup, it sets up vibrations in the perilymph which are transmitted 
throughout the fluid system in the cochlea. The movements of the 
fluid set the basilar membrane into vibration, whereupon the hair cells 
bob up and down. As they do, the hairs are thought to bend against 
the tectorial membrane. The bending of the hairs is probably the ade- 
quate stimulus for setting up nerve impulses in the auditory nerve 
fibers. 

Determination of pitch. A good theory of hearing must account for 
the discrimination of different pitches or tones. The Helmholtz theory 
of hearing stresses the importance of the basilar membrane. This mem- 
brane is composed of fibers of varying lengths, arranged somewhat like 
the strings of a piano. Although the cochlea is wider at its base than 
at its apex, the basilar membrane is wider at the apex of the cochlea 
than at the base. Thus, the longer fibers are at the apex, the shorter 
at the base. 

The long strings of a piano produce sounds of low pitch (bass notes) 
and short strings high tones (treble notes). Low frequency sounds, 
(low tones), are believed to set into vibration the fibers of the basilar 
membrane at the apex of the cochlea; high tones those at the base. 
The hairs of the hair cells on these fibers are bent and nerve impulses 
are sent along the nerve fibers involved to the auditory area of the 
cerebral cortex. Here the sensations of low or high tones are registered. 

There has been experimental confirmation of this theory. Destruc- 
tion of the organ of Corti at the apex produces deafness to low tones 
and destruction of it at the base deafness to high tones. Workers in 
factories where high-pitched sounds of great intensity are frequent, 
develop a deafness to those sounds (boiler-makers deafness). Exami- 
nation of their cochleas after death has shown degeneration of the organ 
of Corti at the base of the cochlea. 

Determination of loudness. While not definitely established, it is 
believed that the greater the intensity of a sound, the more violently 
the basilar membrane vibrates. This sends greater numbers of nerve 
impulses to the cerebral cortex which interprets them as loud sounds. 
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DEAFNESS 

Of the two kinds of deafness generally, only conduction deafness can 
be treated. This type can occur from accumulation of wax in the ear 
and can then be remedied by removal of the wax. A more serious con- 
duction disturbance results from immobilization of the middle ear 
bones or perforation of the eardrums. If these occasion permanent im- 
pairment of natural hearing, advantage can be taken of the fact that 
the bones of the skull can conduct sound waves. Hearing aids that 
convert sound waves into vibrations which are transmitted to the 
cochlea via bone are used. You can demonstrate bone conduction of 
sound on yourself. Plug both ears and place a ticking watch between 
your teeth. The ticking should be heard very plainly. 

If deafness is due to some affection of the auditory nerve or of the 
organ of Corti, it may be incurable. 

EQUILIBRIUM 

Besides the cochlea in the inner ear there are the utricle, saccule, and 
semicircular canals (see Figs. 127 and 130). These organs contain the 
receptors for equilibrium. 

STATIC REFLEXES 

The utricle and saccule are filled with endolymph. Each utricle and 
saccule contains a group of hair ceils upon whose hairs rests a “stone” 
made up of calcium carbonate. Pull is exerted on the stones by the 
force of gravity, and the bending or lack of bending of the hairs (de- 
pending upon the position of the head) is believed to be sufficient 
cause for stimulating fibers of the vestibular nerve, a branch of the 
auditory nerve, which lead from the hair cells. 

Whenever the position of the head is changed with respect to 
gravity, nerve impulses are initiated especially from the utricle which 
are relayed through the vestibular nuclei to efferent neurons and 
muscles. These impulses serve to change the pattern of muscle tone 
and preserve the static equilibrium of the body. 

The functions of the saccules are still rather obscure. The utricular 
reflexes, however, are of great importance in maintaining the normal 
position of the head despite changes in the position of the body. These 
can be more easily demonstrated on lower animals than on man, be- 
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cause in man even awkward positions can be voluntarily maintained if 
he wishes them to be. 


RIGHTING REFLEXES 

When an animal such as a frog, bird, or cat is placed on its back, it 
quickly turns over to its normal position. A succession of movement! 
is involved which you can see for yourself by holding a cat upside 
down in the air and then dropping it. If you observe it closely as it 
turns in the air to land on its feet, you will see that it rights itself in 
a spiral fashion — first the head, next the fore part of the body and 
finally the hind part. These movements are reflex in nature and are 
called righting reflexes. 

When on its back, stimuli arising in the utricle cause the neck 
muscles to contract in such a way as to right the head. The twisting of 
the neck muscles initiates proprioceptive impulses from those muscles 
which set up reflex responses of the limb and body muscles. These re- 
flexes right the limbs and body. 




Fig. 130 — The sense organs o £ equilibrium (A). In B are shown the hair cell 
receptors in an ampulla of a semicircular canal. When the head moves in the 
direction of the long arrow, the endolymph within the canal lags behind and 
thus tends to move in the opposite direction. The movement of the fluid 
bends the hairs and sets up impulses in the nerve fibers (not shown) leading 
from the hair cells. 
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If the utricles are removed, it is very difficult for animals to right 
themselves. The head especially hangs limply. In animals with good 
vision, however, there are accessory visual righting reflexes which can 
operate in place of the utricular reflexes. If an animal without utricles 
is blindfolded, it is practically unable to maintain its static equilibrium. 


DYNAMIC REFLEXES 

There are three semicircular canals in each inner ear, each canal 
being at right angles to the other two (Fig. 130). These canals are like- 
wise filled with endolymph and contain hair cell receptors. These 
receptors initiate reflexes in response to movements of the head 
whereas utricular receptors respond to changes in position of the 
head. 

Each canal joins the utricle at two points. At one of these points is 
a swelling, the ampulla, which contains the hair cells. When the head 
moves, the endolymph in the canals tends to lag behind because of its 
inertia and thus to move in the direction opposite the movement of 
the head. This movement of the endolymph stimulates the hair cells 
which in turn set up nerve impulses in the vestibular nerve fibers 
which lead from the hair cells. 

Responses to rotation are especially well marked. If the head is 
rotated in one direction, stimulation of the hair cells in the ampullae 
give rise to the sensation of dizziness and also initiate reflex responses 
of the head and eyes. During the rotation, movements of the head and 
eyes are in the opposite direction. When the rotation stops, the en- 
dolymph moves in the opposite direction to which it had been moving 
(again because of its inertia) and the head and eyes now move in the 
same direction as that of the rotation. 

Another example of reflex response to semicircular canal stimulation 
is the shooting out of your hands when you trip and fall. Movements 
of the head, then, initiate reflex responses through the semicircular 
canals. Maintenance of the new position of the head is brought about 
by utricular reflexes. All of these reflexes serve to maintain the normal 
position of the head and eyes and to preserve the equilibrium of the 
body. 

There is some indication that stimulation of the semicircular canals 
is at least in part responsible for the production of sea sickness, the 
pitching of a boat causing stimulation of receptors in certain of the 
canals. 
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TASTE AND SMELL 

These senses apparently are confused with one another at times. 
They have in common the fact that their receptors are adequately 
stimulated by chemical substances in solution. Only when the tongue 
and nasal mucosa are moist can their receptors be chemically stimu- 
lated. 

SMELL 

Man is not very dependent upon the sense of smell. Certain lower 
animals depend much more upon it. The cerebral hemispheres in the 
beginning of their evolution were, in fact, largely smell centers. 
Despite its primitiveness and seeming simplicity, the sense of smell 
is far less well understood than are more complex senses. 



The olfactory receptors (Fig. 131) are located in the nasal mucoSa 
above the respiratory passageway to the interior. Sniffing is advanta- 
geous in getting the odor of something because it carries the air-borne 
chemicals up to the region of the smell receptors; in ordinary breathing 
air may mostly pass by them in its journey to the lungs, 

There has been no satisfactory classification of odors, so that we 
characteristically say that such and such has an odor like some other 
well-known substance. For as many different odors as there are, there 
seem to be as many different kinds of smell receptors. Some indication 
of this is afforded by the ease with which smell receptors are fatigued. 
Within a couple of minutes of continual stimulation of an odor, we 
can completely lose the ability to recognize it. But, if we immediately 
smell another odor, the fatigue to the first one seems in no way to 
impair our sensing the second. 

The olfactory receptors also seem to adapt themselves rather rapidly. 
You are probably familiar with the fact that you can accustom yourself 
to an unpleasant odor quite quickly and soon not even recognize its 
presence. 
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TASTE 

Despite an apparently large variety o£ tastes, there are only four 
distinct taste sensations that are accepted — salt, sweet, sour, and bitter. 
For each of these there is a distinct type of taste bud or receptor (Fig. 
132). These receptors are most abundant on the tongue, but some are 
also present in the mucosa of the mouth and pharynx. 



Fig. 132 — A taste bud of the tongue. 


The taste buds for the different taste sensations are not equally dis- 
tributed over the surface of the tongue. Those sensitive to sweet and 
salt substances are predominantly localized to the tip of the tongue, 
those to acid materials along the sides of the tongue, and those to 
bitter substances towards the back of the tongue. We seem to grasp 
this fact unconsciously, for we tend to sip wine yet gulp beer; and 
children’s licking of sweets is another instance. 

Varieties of taste sensation are produced by combinations of the four 
fundamental ones, by other sensations that these substances arouse in 
the mouth (the difference in “taste” between hot and cold food or 
liquid, for instance), or by the simultaneous stimulation of smell re- 
ceptors by the odors arising from the substance. 

OTHER SENSES 

We have already stressed the importance of the proprioceptive sen- 
sations from muscles, tendons, and joints which inform us about the 
position of parts of our body, the tenseness of muscles, etc. 

The cutaneous or shin senses are touch, pressure, heat, cold, and 
pain. Each arises in its own type of receptor (Fig. 133) and, like the 
taste buds, these receptors are not distributed uniformly over the sur- 
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face of the body. The finger tips are more sensitive to touch and 
pressure than the back of the hand or the forearm. The cornea of the 
eyeball has only pain receptors. And so on. The various skin receptors 
can rather easily be mapped out by applying a fine-pointed instrument 
to the skin. It is then found that a certain spot will give rise to only 
touch or pain or heat sensations, whichever type of receptor happens 
to be located there. 

We adapt ourselves quite rapidly to touch and temperature sensa- 
tions within moderate ranges of stimulation. For instance, we are not 
very often aware of the touch of the clothes we wear. Or, put one 
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Fig. 133 — Some receptors found in the skin. 

finger in luke-warm water and another in cold water; now put both 
into water at room temperature. The finger that was in the warmer 
water now feels cool and the other feels warmer. The temperature 
receptors have adapted themselves to the warm and cold temperatures 
to which they had been exposed and room temperature then acts as 
a stimulus to each finger, one finding it cool and the other warm. 

We do not easily adapt to painful stimulation — which is very useful 
since pain acts as a warning that some harm is being done to or will 
be done to the body if a response is not made. 

THE LAW OF SPECIFIC NERVE ENERGIES 

This law states that however a receptor is stimulated it will always 
cause the same sensation. If we get hit in the eye and see “flashes of 
light,” it’s because the retinal receptors were stimulated, even though 
mechanically. Or with your fine probe you can stimulate all of the skin 
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receptors by mechanical stimuli yet get temperature and pain as well 
as touch sensations. 

What this means is that the nerve impulses in different sensory 
fibers are not different in themselves but end in different regions of 
the brain. It is at the end of the sensory pathway that interpretation 
of sensation occurs, and these terminal connections determine the 
specificity of sensations. If we could connect the rods and cones to the 
auditory nerve, and the hair cells of the cochlea to the optic nerve (the 
endings of these nerves in the brain being unchanged), then a sound 
would be interpreted as a visual image and a light ray as a sound. 



CHAPTER XI 


The Endocrine System 


If we can designate one system as the most important coordinating 
and integrating agent of the body, that system will be the nervous 
system. Without it the organism would be only a loosely knit com- 
posite of organs and tissues whose activities would not be well corre- 
lated. There are, however, chemical as well as nervous coordinating 
agents in the body. We have already noted the activities of carbon 
dioxide as such an agent, for example. There are still other chemical 
agents produced by many of the glands of the body. Most glands 
secrete the chemical products they manufacture for some rather local- 
ized region or function. Such products are delivered from the gland 
by way of its duct. 

GENERAL DISCUSSION OF THE ENDOCRINE 
GLANDS 

Certain glands became ductless during the course of evolution, and 
secreted chemical substances directly into the blood that flowed 
through them. The ductless or endocrine glands (glands of internal 
secretion) do not form a well-unified system in a structural sense, scat- 
tered as they are throughout many parts of the body. But the sub- 
stances they secrete, the hormones , do exert a considerable welding 
influence on many vital activities. 

A hormone is a chemical substance which is specific to the gland 
that secretes it and is distributed through the blood to regions far 
from or near to its place of origin. Such a substance must also exert 
a specific influence on some part or activity of the body if it is to be 
considered a hormone. An organ of the body is considered to have 
an endocrine function only if it contains a specific chemical substance 
which, after secretion into the blood, has a specific function. 
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These criteria are met only by the thyroid, parathyroid, adrenal, and 
pituitary glands and by the pancreas, gonads (the primary sex organs), 
stomach, and small intestine. These are the organs we definitely know 
to have endocrine functions. Others are thought to be of endocrine 
nature. The \idneys are suspected of secreting a blood pressure-raising 
substance, the liver an anemia-preventing substance. The thymus 
gland, found high up in the thoracic cavity, is large in children and de- 
generates by the time maturity is reached. Some scientists include it 
among the endocrine glands, claiming that it secretes a hormone 
essential for growth and maturation. The pineal body, a gland which is 
an outgrowth of the roof of the thalamic region of the brain, has also 
been regarded as possibly influencing maturation. (It may be of inter- 
est to note in passing that Descartes, the eminent French scientist and 
philosopher of the 17th century, believed the pineal body to be the 
seat of the soul.) There is no conclusive proof, however, that any of 
these four organs do secrete hormones. 

The stomach and small intestine secrete the hormones gastrin and 
secretin respectively. In Chapter VI, although we did not call them 
hormones at that time, we discussed their functions of fostering the 
secretions of the gastric glands, liver, and pancreas. We shall leave the 
discussion of the gonads until the chapter on the reproductive system. 

EXPERIMENTATION ON THE ENDOCRINE GLANDS 

One of the best methods of studying the function of a particular 
endocrine gland is to remove it from the body and observe the effects 
caused by its absence. Removal as such was practiced on both man and 
other animals long before the birth of modern science. Castration, the 
removal of the gonads, was used for various reasons (such as creating 
eunuchs) in man and in animals to make some more docile and 
others, such as chickens, more tender and succulent. When a gland 
is removed or is not secreting sufficient amounts of hormone, there is 
said to be a condition of hypojunction. 

Another important method is to follow up removal of a gland by 
administering an extract of it ; to the same animal and to observe 
whether the defects caused by its absence are remedied. With the 
great advances made in biochemistry it has been found possible to 
purify many glandular extracts. This is important, of course, for it is 
best to administer as pure a hormone as possible, one free of the 
extraneous material also present in the extract. Biochemists have gone 
even further in some cases. They have analyzed the hormone for its 
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chemical structure and properties and then have synthesized it in tnc 
laboratory. This provides a more plentiful source of such hormones 
for treatment of human beings and also enables absolutely pure sub- 
stances to be administered. Since the hormones of the endocrine glands 
are alike in all the vertebrates, it is safe to administer glandular extracts 
from lower animals to man. 

Hormones or gland extracts can also be injected into normal animals 
to simulate the action of an overactive endocrine gland. When a gland 
secretes too much hormone, there is said to be a condition of hyper - 
function. 

Paralleling these types of experimental study have been studies on 
human beings suffering from endocrine diseases. Much has been 
learned about the functions and activities of the endocrine glands by 
observation and treatment of human patients. 

THE THYROID GLAND 

The thyroid gland is a bi-lobed structure lying on either side of the 
upper part of the trachea (Fig. 134). The two lobes are connected by 
an isthmus of tissue crossing the ventral surface of the trachea. 

THE THYROID GLAND IN HEALTH 

The thyroid gland has a marked influence on the normal functioning 
of the body. The thyroid hormone helps to regulate the metabolism 
of every cell in the body. As we shall see below, this hormone appar- 
ently exerts its effects by controlling the rate at which oxidations occur. 
Since oxidative reactions are the means by which the body is furnished 
with energy, it is evident that the thyroid gland indirectly controls a 
great variety of bodily activities. 

The best single means of determining the state of health of the 
•.thyroid gland is by measuring the basal metabolism of a person. By 
basal metabolism is meant the heat production of the body under cer- 
tain standard conditions of inactivity. (The concept of basal metabo- 
lism will be developed in Chapter XIV.) Although this is the most 
important criterion, other observations must be made in conjunction 
with it in order to confirm or reject the opinion to which the state 
of the basal metabolism would lead us. 

It is extremely difficult to study the normal function of the thyroid 
gland in the normal individual. We can best understand its function 
<{ and the same approach will be made in our study of the other endo- 
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crine glands^ by observing the defects produced when it is not func- 
tioning properly or when it is actually absent from the body. 

CRETINISM AND EXPERIMENTAL HYPOFUNCTION 

When the thyroid gland is removed from an immature experimental 
animal, hypofunction results. If hypofunction of the thyroid spontane- 
ously occurs in a human child, the condition is known as cretinism. 
In either case the defects that result are strikingly similar. 

The basal metabolic rate (B.M.R.) — the rate at which the body pro- 
duces heat under certain standard conditions— is markedly reduced. 
Bone growth is stunted and the bones may be deformed. The sexual 
maturation of the individual is slowed or stopped. The skin is dry and 
the hair tends to fall out. The heart rate is slowed. The muscles are 
weak and fatigue can be quickly induced. There may be anemia, sub- 
normal temperature, and increased susceptibility to infection. Intelli- 
gence is definitely impaired. Degenerative changes appear in all other 
endocrine glands except the pancreas. There may be a lower than 
normal concentration of sugar in the blood. 

MYXEDEMA 

Hypofunction in the human adult is called myxedema or Gull’s dis- 
ease. The symptoms are again quite similar to those in an adult 
experimental animal whose thyroid has been removed. Most of the 
symptoms are just like those in cretinism. But there are some differ- 
ences. The name myxedema is derived from the fact that there is an 
accumulation of fluid under the skin whic K resembles an edema-like 
state. It is not the same as edema, however. And, of course, since an 
adult has already attained, full growth, there can be no retardation 
of physical development. There is, often, a tendency to put on weight. 
Otherwise the symptoms parallel those of cretinism. 

In reading over the defects produced by hypothyroidism, it becomes 
evident that the thyroid must influence all the cells of the body. Since 
a deficiency of the thyroid hormone slows up so many of the body’s 
activities (the lowered B.M.R. is especially significant), it may be 
stated that the thyroid hormone markedly influences the oxidative 
reactions going on in all the cells of the body. The effects on growth, 
intelligence, and sexual development in hypothyroidism are probably 
consequences of this basic metabolic disturbance, although the hor- 
mone may have some more specific functions with regard to these 
processes. 
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chemical structure and properties and then have synthesized it in tne 
laboratory. This provides a more plentiful source of such hormones 
for treatment of human beings and also enables absolutely pure sub- 
stances to be administered. Since the hormones of the endocrine glands 
are alike in all the vertebrates, it is safe to administer glandular extracts 
from lower animals to man. 

Hormones or gland extracts can also be injected into normal animals 
to simulate the action of an overactive endocrine gland. When a gland 
secretes too much hormone, there is said to be a condition of hyper- 
junction. 

Paralleling these types of experimental study have been studies on 
human beings suffering from endocrine diseases. Much has been 
learned about the functions and activities of the endocrine glands by 
observation and treatment of human patients. 

THE THYROID GLAND 

The thyroid gland is a bi-lobed structure lying on either side of the 
upper part of the trachea (Fig. 134). The two lobes are connected by 
an isthmus of tissue crossing the ventral surface of the trachea. 

THE THYROID GLAND IN HEALTH 

The thyroid gland has a marked influence on the normal functioning 
of the body. The thyroid hormone helps to regulate the metabolism 
<of every cell in the body. As we shall see below, this hormone appar- 
ently exerts its effects by controlling the rate at which oxidations occur. 
Since oxidative reactions are the means by which the body is furnished 
with energy, it is evident that the thyroid gland indirectly controls a 
great variety of bodily activities. 

The best single means of determining the state of health of the 
-.thyroid gland is by measuring the basal metabolism of a person. By 
basal metabolism is meant the heat production of the body under cer- 
tain standard conditions of inactivity. (The concept of basal metabo- 
lism will be developed in Chapter XIV.) Although this is the most 
important criterion, other observations must be made in conjunction 
with it in order to confirm or reject the opinion to which the state 
of the basal metabolism would lead us. 

It is extremely difficult to study the normal function of the thyroid 
gland in the normal individual. We can best understand its function 
i(and the same approach will be made in our study of the other endo- 
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crine glands') by observing the defects produced when it is not func- 
tioning properly or when it is actually absent from the body. 

CRETINISM AND EXPERIMENTAL HYPOFUNCTION 

When the thyroid gland is removed from an immature experimental 
animal, hypofunction results. If hypofunction of the thyroid spontane- 
ously occurs in a human child, the condition is known as cretinism. 
In either case the defects that result are strikingly similar. 

The basal metabolic rate (B.M.R.) — the rate at which the body pro- 
duces heat under certain standard conditions — is markedly reduced. 
Bone growth is stunted and the bones may be deformed. The sexual 
maturation of the individual is slowed or stopped. The skin is dry and 
the hair tends to fall out. The heart rate is slowed. The muscles are 
weak and fatigue can be quickly induced. There may be anemia, sub- 
normal temperature, and increased susceptibility to infection. Intelli- 
gence is definitely impaired. Degenerative changes appear in all other 
endocrine glands except the pancreas. There may be a lower than 
normal concentration of sugar in the blood. 

MYXEDEMA 

Hypofunction in the human adult is called myxedema or Gull’s dis- 
ease. The symptoms are again quite similar to those in an adult 
experimental animal whose thyroid has been removed. Most of the 
symptoms are just like those in cretinism. But there are some differ- 
ences. The name myxedema is derived from the fact that there is an 
accumulation of fluid under the skin whic^ resembles an edema-like 
state. It is not the same as edema, however. And, of course, since an 
adult has already attained full growth, there can be no retardation 
of physical development. There is, often, a tendency to put on weight. 
Otherwise the symptoms parallel those of cretinism. 

In reading over the defects produced by hypothyroidism, it becomes 
evident that the thyroid must influence all the cells of the body. Since 
a deficiency of the thyroid hormone slows up so many of the body’s 
activities (the lowered B.M.R. is especially significant), it may be 
stated that the thyroid hormone markedly influences the oxidative 
reactions going on in all the cells of the body. The effects on growth, 
intelligence, and sexual development in hypothyroidism are probably 
consequences of this basic metabolic disturbance, although the hor- 
mone may have some more specific functions with regard to these 
processes. 
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EXPERIMENTAL AND HUMAN HYPERTHYROIDISM 

We might expect, in a case of spontaneous hyperthyroidism in man. 
that the symptoms would be exactly the opposite of those for hypo- 
thyroidism. Our expectations are almost completely fulfilled. The 
B.M.R. is greatly increased. The heart rate may reach 150 beats per 
minute. Despite a ravenous appetite and huge amounts of food eaten, 
the patient tends to become quite emaciated. The individual has tre- 
mendous drive and seemingly limitless energy, but is also extremely 
nervous. The skin is moist. There may be a slight rise in body tempera- 
ture and also a somewhat higher than normal concentration of glucose 
in the blood. 

We are surer that these symptoms result from an excess of^thyroid 
hormone when we learn that almost all of these symptoms can be re- 
produced by administering thyroid extract to a normal experimental 
animal. Another symptom that frequently is found in human hyper- 
thyroid cases — protrusion of the eyeballs — cannot be produced by in- 
jection of thyroid hormone. It is doubtful, therefore, that this symptom 
Is due directly to an overactive thyroid. 

GOITER 

An enlarged thyroid gland is called a goiter. It is rather puzzling 
when we hear for the first time that a goiter may signify either a hyper- 
active, hypoactive, or a normally functioning gland. Let us see if we 
can arrive at some understanding of this queer phenomenon. 

At the times when the existence of a goiter denotes a hyperactive 
gland, it is believed that the enlargement of the gland is the cause of 
the hyperthyroidism. That is, the enlarged gland has a greater number 
of cells secreting thyroid hormone and, consequently, more hormone 
is passed into the blood. Hyperthyroidism results. But we have no 
answer to the question, “What causes the enlargement of the gland? 59 

At other times goiter signifies a hypoactive gland. The explanation 
for this assumes that for some reason the gland is not producing 
enough hormone for normal functioning. In some obscure way the 
gland responds to the decreased hormonal output by increasing in size. 
Although each cell produces a subnormal amount of hormone, the 
increased number of cells secreting may produce enough to add up to 
a normal amount from the whole gland. Unfortunately, if the condition 
causing the initial hypothyroidism persists at the same intensity, the 
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compensatory efforts of the gland are to no avail — there is still hypo- 
thyroidism. The gland seems at times to exhaust itself in its attempt 
to compensate for the deficiency. 

At still other times, when the initial cause of hypothyroidism is not 
too drastic, the compensatory efforts of the gland are crowned with 
success. The increased number of cells secrete adequate amounts of 
hormone. In such cases — simple goiter — although the gland may be con- 
siderably enlarged, there are no symptoms of hormonal deficiency or 
excess. 

Goiter may, then, accompany hypo- or hyperthyroidism, although 
it is not an invariable symptom of either condition. 

IODINE AND THE THYROID HORMONE 

In the 19th century there were large inland areas of the world known 
as goiter belts because the incidence of simple and hypothyroid goiter 
was very high in the inhabitants. The Great Lakes area in the United 
States was such a region. It took many years to correlate the high 
incidence of goiter with the lack of iodine in the soil and water of 
these belts. This despite the knowledge acquired in that century that 
iodine feeding was of help in treating goiter. During the present cen- 
tury, however, in most places the situation has been taken in hand 
by the use of iodized table salt or the inclusion of small amounts of 
iodine in the drinking water. 

The true significance of the remedial action of iodine came forth 
somewhat later in studies upon the chemical structure of the thyroid 
hormone. Iodine was found to be an essential part of the hormone. 

TREATMENT OF THYROID DEFECTS 

The isolation and identification of the thyroid hormone was delayed 
in part by the lack of incentive. It had been found that feeding hypo- 
thyroid individuals with thyroid gland relieved their malady. Since 
use of the gland itself was effective, there seemed no great need to 
isolate its hormone. 

However, the problem was finally attacked and a substance called 
ihyro globulin isolated. This substance is presumably the hormone it- 
self and is very effective in relieving hypothyroidism. Like the gland, 
it can be given by mouth. Oral administration of a hormone is really 
quite unusual. Most hormones are attacked and destroyed by the diges- 
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tive enzymes, but for some reason the thyroid hormone is extremely 
resistant to this enzyme action. 

The chemistry of the thyroid hormone has been even farther ad- 
vanced by the discovery that thyroglobulin is partly protein in nature 
and that a portion of the molecule can be separated from the protein 
part and still retain much of the activity that the whole molecule had. 
This active fraction was named thyroxine. It was later actually synthe- 
sized in the laboratory. 

Thyroxine is not as potent as thyroglobulin unit for unit, so that 
thyroglobulin is still believed to be the actual hormone. Either sub- 
stance or the gland tissue itself may be administered to relieve hypo- 
thyroidism. This treatment is not necessarily a cure, for the primary 
cause of hypothyroidism may not be removed. Thyroid preparations 
often must be given daily to maintain normal thyroid function. 

Hyperthyroidism is less easily treated. The only successful measures 
have been partial destruction of the gland by X-rays or, better, surgical 
removal of some of the gland. By either method the secretion of hor- 
mone is reduced and the symptoms subside. The entire gland is not 
usually removed, for a swing to hypothyroidism might result. Some- 
times the gland regenerates sufficiently to cause a recurrence of the 
hyperthyroid state. Treatment will then have to be repeated. 

THE PARATHYROID GLANDS 

The parathyroid glands are quite small (!4 inch ! ong) bits of glandu- 
lar tissue which either lie very close to or are embedded in the thyroid 
gland (see Fig. 134). Their number varies from two to four in man. 

THE PARATHYROID GLANDS IN HEALTH 

The tiny parathyroid glands have a profound influence on the main- 
tenance of a normal level of calcium ions in the blood and the tissue 
fluid. We have frequently noted the many functions that calcium ions 
serve in many bodily activities. The most important of these is the 
role that calcium plays in the maintenance of healthy cellular activity. 
Especially significant is the control of muscular and nervous irrita- 
bility. Nerve and muscle cells require a certain concentration of cal- 
cium ions in their environment if they are to respond to normal stimuli 
in a healthy way. The importance of the parathyroid hormone is in the 
maintenance of the proper distribution of calcium in “storage depots” 
like bone and in the body fluids. 
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EXPERIMENTAL REMOVAL OF THE GLANDS 

In the course of experimentation on hypothyroidism in dogs, it was 
found that removal of the thyroid resulted in death of the animals in 
a short time. The question at once arose whether in dogs, unlike other 
animals, the thyroid was essential for life. Removal of the thyroid, as 
we have seen, does not lead to a fatal end in other animals. The reason 
for this difference was soon discovered. In dogs the parathyroid glands 
lie in the thyroid gland, contrary to their location in other experimental 
animals, and it was actually the removal of the tiny parathyroids which 
led to death. 

After removal of the parathyroids in an experimental animal there is 
prompt loss of appetite accompanied by extreme thirst. The animal is 
unable, however, to hold either food or water in its stomach. Soon 
muscular twitchings appear which grow more and more violent and 
become convulsive in nature. Over the next few days the convulsions 
grow stronger, the muscles going into tetanic spasms. When one of 
these spasms lasts a little too long, the animal dies of asphyxiation 
because, along with the other skeletal muscles, the respiratory muscles 
are involved. These muscular symptoms are collectively referred to as 
parathyroid tetany . 

HYPOFUNCTION IN MAN 

Proof of spontaneous hypofunction of the parathyroids in man is still 
lacking. Some convulsive conditions have been ascribed to hypopara- 
thyroidism, but the evidence for the involvement of the parathyroids 
in these cases is only indicative at best. Hypofunction does occur at 
times when some parathyroid tissue is accidentally removed during 
an operation upon the thyroid gland. It may also develop when a tumor 
of the parathyroid tissue is removed and along with it too much of the 
glands. The condition is generally quite mild in man (since at least 
some parathyroid tissue is present) and can be promptly relieved. 

THE CAUSE OF PARATHYROID TETANY 

In searching for the reason behind the muscular twitchings and 
spasms that occur in parathyroid tetany, investigators noticed that 
when the glands were removed the irritability of both muscles and 
nerves was significantly increased— -they would respond to weaker stim- 
uli than are normally effective. Thus stimuli within the body which 
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would ordinarily be ineffective in eliciting muscular contractions are 
now adequate. 

But why should the irritability be increased? It was also discovered 
that the concentration of calcium ions in the blood was decreased. 
This factor accounts for the increased irritability. Normally the irri- 
tability of muscle and nerve is controlled by a balance between the 
concentrations of sodium, potassium, and calcium ions. A lowered con- 
centration of calcium ions unhinges the balance and favors greater 
sensitivity. 

The parathyroid hormone evidently regulates the amount of calcium 
ion in the blood and by this action indirectly controls the irritability of 
muscle and nerve. 

THE TREATMENT OF PARATHYROID TETANY 

Since a lowered blood calcium brings on tetany, the logical treatment 
would seem to be the administration of calcium. When this was tried 
in cases of experimental parathyroid tetany, the treatment was a 
marked success. Calcium salts can be given by mouth (if the condition 
is not too acute) and will then be absorbed into the blood in the small 
intestine. When it is imperative to get the calcium into the blood more 
quickly, a solution of calcium salts can be injected into a vein. Either 
of these methods of treatment can be applied to man, although since 
hypofunction is usually mild, calcium can be safely given orally. 

Another method is also possible. An extract of the parathyroids, 
parathormone, can be injected. This extract undoubtedly contains the 
parathyroid hormone but the latter has not as yet been isolated in a 
very pure form. Parathoromone cannot be administered orally. Care 
must also be taken in using it, for too much of it can raise the con- 
centration of calcium ions in the blood, a condition which is quite 
undesirable. 

HYPERPARATHYROIDISM 

Injections of parathormone into a normal experimental animal can 
simulate hyperfunction of the parathyroids in man. This condition 
does occur, though infrequently, and was known as von Recklinghau- 
sen’s disease before it was ascribed to hypersecretion of parathyroid 
hormone. It is generally associated with tumor and enlargement of the 
parathyroids. 

Hyperfunction of the parathyroids causes an increased calcium ion 
concentration in the blood. This results in decreased muscular and 
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nervous irritability and lowered muscle tone. Other symptoms of espe- 
cial interest are a high excretion of calcium in the urine and a drawing 
of calcium out of the bones. The loss of calcium from the bones 
weakens them and they may be deformed. They also tend to fracture 
very easily and to heal slowly. 

Hyperparathyroidism can only be treated by removal of parathyroid 
tissue, an operation which may successfully relieve the condition. 
However, if the calcium concentration of the blood has risen too high, 
there is no known remedy for lowering it. 

The parathyroid hormone, as we can see now, is essential for life 
because of its regulation of the calcium balance of the body. If the 
hormone concentration is too low, blood calcium drops and may result 
in death if unchecked. An excess of hormone draws calcium from the 
bones, raises its concentration in the blood, and increases its rate of 
excretion. 

THE ADRENAL GLANDS 

Resting atop each kidney like a cap is an adrenal gland (see Fig. 
134). Both structurally and functionally each adrenal gland is really a 
double gland. It consists of different glandular tissues, one forming 
the outer layer or adrenal cortex, the other the inner adrenal medulla. 

THE ADRENAL GLANDS IN HEALTH 

There has been no definite interpretation of the normal role of the 
hormone of the adrenal medulla. A rather extensive theory of its im- 
portance has been proposed, but as yet it lacks complete confirmation. 
It is known that this hormone can in sufficient concentration produce 
the same effects that stimulation of the orthosympathetic nervous sys- 
tem would effect. The crucial evidence which is now awaited is 
whether the adrenal medulla produces significant amounts of the hor- 
mone under normal conditions. 

The hormones of the adrenal cortex, on the other hand, are known 
to be extremely important in the normal economy of the body. These 
hormones help to regulate the salt and water balance of the body fluids 
(especially the sodium and potassium balance) and also the level of 
carbohydrate substances in the blood, liver, and muscles. 

THE ADRENAL MEDULLA 

The hormone of the adrenal medulla has been known for almost fifty 
years. An extract of the adrenal medulla was first obtained in 1895. Ic 
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was found that this extract, when injected into an experimental animal, 
caused, among many other effects, a notable rise in blood pressure. 
From this extract a substance called adrenaline was isolated. 

The effects caused by adrenaline. After its discovery adrenaline 
became the most studied hormone of all. Its chemical formula was 
soon discovered and it was also synthesized. The effects caused by 
adrenaline on injection into the blood are a steep rise in arterial blood 
pressure, a faster heart rate, constriction of the arterioles in the ab- 
dominal viscera, release of extra glucose into the blood, and inhibition 
of motility in the digestive tract. 

The "emergency theory.” You may have noticed that the effects 
brought about by adrenaline are the same as can be produced by wide- 
spread activation of the orthosympathetic nervous system. Dr. Cannon 
of Harvard University used this observation as the basis for his emer- 
gency theory of adrenal function. 

According to Cannon, in times of great stress — such as during flight, 
fright, or a fight — the orthosympathetic system aided by the adrenal 
medulla sets up reactions in the body which enable an animal to meet 
the emergency effectively. The faster heart rate assures a greater 
cardiac output per minute. The constriction of the abdominal arterioles 
diverts blood from the abdominal viscera to the skeletal muscles 
(whose arterioles are dilated) and also helps to raise the blood pressure 
by increasing the peripheral resistance (the faster heart rate also con- 
tributes to the rise in blood pressure). The resultant of these changes 
is to deliver more blood at a faster rate and under a greater pressure 
to the skeletal muscles. The latter obviously must have an increased 
blood supply to bring them the greater amounts of oxygen and fuel 
necessary for vigorous activity. 

The oxygen capacity of the blood is increased somewhat by the dis- 
charge of stored red blood cells from the spleen. The respiratory rate 
is accelerated and the bronchioles are dilated so that the ventilation 
of the lungs is increased. These factors plus the faster circulation time 
make oxygen transport to the active muscles as great as possible. The 
release of extra glucose into the blood provides a greater supply of 
fuel substance for the muscles. The muscles are also enabled to work 
longer without fatiguing. 

Certain accessory phenomena help to point up the theory. Adrenal- 
ine has the property of increasing the coagulating power of the blood. 
So the argument continues that if the animal is wounded the danger 
to it from hemorrhage is lessened. The emotions that accompany 
emergency situations are marked by many physical manifestations— 
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dilation of the pupils, erection of the hairs, bulging of the eyeballs, 
sweating, etc. And all of these manifestations can be produced by 
orthosympathetic stimulation or by the presence of adrenaline in the 
blood. 

Significance of the adrenal medulla. The acceptance of this most 
attractive theory hinges on a very important question, namely 
whether or not the adrenal medulla secretes enough adrenaline into the 
blood to bring about the effects described above. Comparatively large 
amounts of adrenaline are usually injected into an experimental animal 
to get its effects. 

The claim by Cannon and his co-workers that the adrenal medulla 
secretes a significant amount of adrenaline in conditions of stress has 
been contested by other physiologists. The latter say that they have 
been unable to obtain that much adrenaline under physiological condi- 
tions. It is not possible in the light of available evidence to make a 
final decision in favor of either one of these schools of thought. 

There is no doubt that the adrenal medulla does secrete adrenaline 
continuously, although at a very low concentration. Of what signifi- 
cance this is in the daily activities of the organism is not clear. 

The adrenal medulla is not essential to life. Both medullas can be 
removed and the animal will survive with no observable adverse effects. 

Adrenaline, as a drug, has proved very useful both in experimental 
and medical practice. It is very often used as a heart stimulant, even 
though its effects are very short-lived. Because of its property of dilat- 
ing the bronchioles, it is also used to ease breathing in patients suffer- 
ing from asthma (in which condition the bronchioles may be chroni- 
cally or spasmodically constricted). 

THE ADRENAL CORTEX 

In contradistinction to the neighboring adrenal medulla, the adrenal 
cortex has been found to be essential for life. Although it was a long 
time before its functions were recognized, we are now at least on the 
way to an understanding of them. 

Hypofunction of the adrenal cortex. Upon removal of both adre- 
nal glands most experimental animals exhibit a loss of appetite, extreme 
muscular weakness, and marked depression of activity and interest. 
They then usually lapse into coma and die within ten days following 
the operation. 

Addison's disease , the comparable condition in man, was recognized 
long before it was associated with hypofunction of the adrenal cortex. 
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A frequent cause of the disease is tuberculosis of the adrenal gland. 
The symptoms in man are similar to those in animals but milder, for 
the disease runs a longer course. One symptom not found in experi- 
mental animals is a peculiar bronzing of the skin because of the pres- 
ence of excess amounts of normal pigment. If not treated, those having 
Addison’s disease die from one to three years after it starts. 

The defects caused by hypofunction. By looking behind the ex- 
ternal symptoms of hypofunction, a number of other symptoms have 
been noted by many scientists. There is a fall in the concentration of 
sodium ions and a rise in the concentration of potassium ions in the 
blood. Accompanying this is a decrease in blood volume due to loss 
of water from the blood and a lowered blood pressure. There may 
also be a significant drop in blood glucose. 

As regards their importance to life, the changes in sodium and 
potassium ions have been found to be the most serious. After much 
painstaking research, it has recently been found that in cortical insuffi- 
ciency the kidneys excrete excessive amounts of sodium ion and do 
not excrete as much potassium ion as they do under normal circum- 
stances. This accounts for the changes in blood sodium and potassium, 
The excessive sodium excretion draws water along with it and the 
blood volume then drops. 

We have previously stressed the importance of sodium and potas- 
sium Salts (and calcium) in preserving a healthful environment for all 
the cells of the body. Cortical hypofunction offers a graphic illustration 
of the undesirable sequence of events that follows a change in the salt 
balance. 

The hormones of the adrenal cortex. Only within the last fifteen 
years has there been any success in the isolation of adrenal cortical 
hormones. Available extracts now are much purer than the first crude 
preparations. However, we are still not certain of the exact structure 
of the gland’s hormones or how many hormones there are. Extracts 
of the adrenal cortex have been split into a number of fractions and 
differing effects are claimed to result from their usage. A number of 
synthetic compounds have also been used to relieve one or more of the 
defects due to adrenal insufficiency. 

At present there would seem to be at least two important hormones 
secreted by the adrenal cortex. One has been called the salt-and-water 
hormone and is essential for life. The other hormone is important in 
the regulation of carbohydrate metabolism. 

Treatment of adrenal hypofunction. Two methods of treatment 
have been used but neither is successful in all cases of adrenal insuf- 
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ficiency. One method is to inject the salt-and-water hormone; the other 
is to feed the patient on a high sodium diet. Probably the best method 
yet devised is a combination of these treatments. It should be stated 
that treatment is more often successful than not. In the cases in which 
it is not, no completely satisfactory reasons have come forth. Since we 
are not at all certain that we have isolated the true hormone or hor- 
mones, it may be that some important defect will not be remedied 
unless the exact hormone is administered. 

Hyperfunction, of the adrenal cortex. Injection of cortical extracts 
into normal animals produces no striking effects, if any. And there 
is no disease in man which is the opposite of Addison’s disease. 

There are, however, cases of adrenal tumor (the enlarged gland pre- 
sumably secreting excessive amounts of hormones) in women in which 
the main effects are a change in secondary sex characteristics toward 
the male type. The breasts atrophy, hair tends to take a masculine dis- 
tribution, and the disposition becomes more mannish. Cases of adrenal 
tumor in men are rarer but some cases of feminism resulting from it 
are reported. In children such tumors can lead to precocious sexual 
maturation. In any of these cases removal of the tumor surgically may 
correct the condition. 

Importance of the adrenal cortex. The adrenal cortex is essential 
for life through its control of sodium, potassium, and water balance. 
The salt-and-water hormone presumably acts upon the kidney tubules 
to regulate the amount of sodium and potassium excreted. The cortex 
is also important in the maintenance of a normal blood sugar concen- 
tration. 

Its role in the regulation of sexual processes is not clear. That there 
is some relationship is not surprising, though, because the cortical and 
sex hormones have very similar chemical structures. 

THE PANCREAS 

We know the pancreas (Fig. 134) as a gland secreting digestive 
juices. But it, too, is a double gland. Interspersed among the more 
numerous cells for the secretion of pancreatic juice are little islets of 
tissue — the islets of Langerkans — which are endocrine in nature. 

THE PANCREAS IN HEALTH 

The endocrine portion of the pancreas secretes a hormone which is 
the most important single regulator of the balance and utilization 
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of carbohydrates in the tissues. The pancreatic hormone aids in the 
preservation of a normal level of blood sugar, of adequate stores of 
glycogen (“animal starch”) in the liver and muscles, and, perhaps, 
in the oxidation of carbohydrate substances by the tissues. Since carbo- 
hydrates are our primary energy-yielding substances, it becomes obvi- 
ous that the pancreas is a potent factor in the scheme of healthy 
bodily activity. 

DIABETES MELLITUS OR PANCREATIC DIABETES 

Diabetes mellitus or sugar diabetes has been known as a disease for 
many centuries. Until late in the 19th century, however, there was no 
knowledge of its cause or of how to treat it. Even then it was an acci- 
dental discovery that opened the way to a better understanding of the 
condition. 

The pancreas was removed from dogs by von Mering and Minkow- 
ski who wanted to observe the digestive upsets that lack of pancreatic 
enzymes would induce. But, in addition to digestive malfunction, they 
discovered that such dogs developed symptoms very similar to those 
seen in human beings with sugar diabetes. 

These symptoms are a large amount of sugar (glucose) excreted in 
the urine and a high blood sugar concentration. Incomplete products 
of fat oxidation are found in the blood and urine. The daily urine out- 
put is greatly increased. Acidosis, a state of too much acid in the blood, 
also occurs. 

The high concentrations of sugar and fat products in the blood 
account for their presence in the urine. Glucose, you will remember, 
is normally filtered into the kidney tubules and then completely re- 
absorbed into the blood. But when its concentration reaches a high 
enough level in the blood, the tubules are not able to absorb the 
excess. Incomplete oxidation of fats indicates that something has upset 
the normal metabolism of fat. 

Because of the increased concentration of substances in the tubular 
urine, more water is held in the tubules and the volume of urine is 
thereby increased. Since the incomplete products of fat oxidation are 
acid in nature, acidosis results. 

If pancreatic diabetes is not treated in experimental animals, the 
animals die within a few weeks. In man the condition is a much more 
prolonged one since not all of the islet tissue is destroyed or ceases 
functioning at the same time. 
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INSULIN AND TREATMENT OF DIABETES MELLITUS 

After the initial experiments on pancreatic diabetes, careful research 
showed that the diabetic state resulted from the absence of the islet 
tissue of the pancreas. Many workers then tried unsuccessfully to 
isolate a hormone from a pancreatic extract. Their difficulty may have 
been that they attempted to isolate a hormone from an extract of the 
entire pancreas. The pancreatic enzymes secreted by the digestive por- 
tion of the gland in all probability destroyed the hormone. Then in 
1922 Drs. Banting, Best, McLeod, and Collip of the University of 
Toronto, using only islet tissue, reported an extract which relieved 
the symptoms of diabetic dogs. 

Upon purification the extract, insulin , was tried in human cases with 
the same favorable results. Insulin has since been crystallized and is 
now obtainable in a very pure form. It has, not been possible to synthe- 
size it or even discover its complete chemical formula, however, for it 
is a protein; and proteins have such large and complex molecules that 
we have so far been unable to analyze them with much success. 

Insulin must be injected since it is not effective by mouth. Upon 
injection it promptly corrects the diabetic condition. But it does have 
to be injected at least once daily to prevent a recurrence of diabetic 
symptoms. Diabetic patients, even children, have learned to calculate 
and inject the daily doses they require. 

THE FUNCTIONS OF INSULIN 

The attempt to discover how lack of insulin causes diabetes mellitus 
nas resulted in another physiological controversy. One group of scien- 
tists claims that the high blood sugar in diabetics results from decreased 
use of sugar by the tissues, that insulin regulates the oxidation of 
carbohydrates by the tissue cells. Another claims that the high blood 
sugar is not due to deficient utilization of sugar but rather to its 
greatly increased production, that much more sugar is now being 
formed in the body than can be used. And, the latter say, glucose is 
being formed from fat and protein substances as well as carbohydrate 
ones. 

The lack of insulin does cause a depletion of the body’s reserves of 
carbohydrates and fats (diabetics often become emaciated), and aci- 
dosis as a result of faulty fat oxidation. These effects are completely 
abolished by raising the insulin concentration in blood to its normal 
level. 
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But we are not certain just how insulin accomplishes these things. 
It may promote storage of both fat and carbohydrate materials and 
may also be necessary for the proper oxidation of these foodstuffs. 

THE EFFECTS OF EXCESS AMOUNTS OF INSULIN 

Injection of insulin into a normal animal or of too much of it into 
a diabetic one results in a profound fall in blood sugar concentration. 
If the blood sugar content drops below a certain minimal level, very 
serious symptoms develop— convulsions, coma, and death. The best 
emergency treatment is the injection of a glucose solution to raise the 
blood sugar concentration. The brain cells apparently require a Certain 
minimal level of sugar in the blood coming to them; if this is not 
maintained, they' become much more irritable than they normally are 
and initiate the convulsions. 

Spontaneous production of too much insulin does occur at times, 
and, if persistent, can best be relieved by removal of some pancreatic 
islet tissue. Certain types of poisoning and also liver damage may pro- 
duce the same end effects as hypersecretion of insulin, but the causes 
are, of course, dissimilar. 

THE PITUITARY GLAND 

Hanging from a stalk at the ventral surface of the hypothalamus, 
is the pituitary gland or hypophysis (Figs. 105 and 134). It, too, is a 
double gland in structure and function. The part nearest the brain, the 
posterior lobe, is derived from embryonic brain tissue, while the an- 
terior lobe is an outgrowth of the tissue in the roof of the embryonic 
mouth. 

Although quite a small structure, the pituitary gland secretes more 
hormones than any other endocrine gland. Since among these hormones 
are at least some which control the activity of other endocrine glands, 
it has been called the “master gland.” With respect to the other endo- 
crine glands, the importance of the pituitary gland may be said to be 
roughly analogous to that of the brain with respect to the rest of the 
nervous system. 

THE PITUITARY GLAND IN HEALTH 

The pituitary hormones serve a variety of functions in the normal 
person. They regulate growth, sexual activities, and the amount of 
water excreted by the kidneys. They serve as important aids in the 
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control and use o£ carbohydrates and fats in the body. And, as just 
mentioned, they are important coordinators of endocrine activity since 
they control the secretion of hormones by a number of other endocrine 
organs. The widespread importance of normal levels of pituitary hor- 
mones will become more and more evident in the later sections of this 
book. 


THE FUNCTIONS OF THE POSTERIOR LOBE 

The posterior pituitary lobe retains its connection to the brain and, 
unlike most of the other endocrine organs, is at least partly under 
nervous control. A nerve tract passes from the hypothalamus through 
the pituitary stalk to the cells of the posterior lobe. Experimental 
results can be obtained not only by injection of extracts from it or 
by removal of the gland but by stimulation or cutting of the nerve 
fibers innervating it. 

A number of functions have been ascribed to hormones secreted by 
this lobe. In 1894 an extract called pituitrin was obtained from the 
pituitary which was remarkable for its blood pressure-raising proper- 
ties when experimentally injected. A few years later it was ascertained 
that the substance responsible was to be found only in the posterior 
lobe of the gland. Subsequent work on this extract showed that it could 
be divided into at least two important fractions. One of these, pitres- 
sin, retained the property of raising blood pressure. The other, pitocin, 
had a marked excitant effect on the smooth muscle of many viscera 
but especially on that of the uterus. 

More recently, posterior lobe extract has been found to possess an 
anti-diuretic effect. Its injection, for instance, considerably delays the 
increase in urine excretion that follows ingestion of large quantities 
of water. Much more important is its action in relieving the disease 
called diabetes insipidus. This disease is marked by the excretion of 
very large volumes of urine containing very little solid material. There 
is no glucose present. The condition can be brought on by removal 
of the posterior lobe or by cutting the nerve tract to it (the latter 
procedure results in degeneration of posterior lobe ceils). Since pos- 
terior lobe extract relieves the condition, we must conclude that the 
posterior lobe contains an anti-diuretic hormone. This hormone nor- 
mally regulates the reabsorption of water by the kidney tubules. In 
its absence water tends to be excreted rather than absorbed. 

The blood pressure-raising fraction of pituitrin is believed to be 
of value mainly as a medical drug and is not at present believed to 
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exert any hormonal effect on blood pressure. There is evidence in some 
animals that pitocin or something like it controls the contractions of 
the uterus during labor. Whether this occurs in the human female is 
not known. Pitocin is beneficially used by doctors, however, to stimu- 
late uterine contractions if they do not occur normally or as an aid 
to weak normal contractions. 

THE FUNCTIONS OF THE ANTERIOR LOBE 

At one time or another a great many hormones have been said to 
be located in the anterior pituitary iobe on the basis of the very many 
effects produced by injections of anterior pituitary extract. Whether 
each effect signifies the presence of a distinct hormone is not known. 
The tendency lately has been to reduce the number of hormones with 
the idea that some have more than one effect. There are, nevertheless, 
some hormones of whose existence we can be quite certain. 

The growth hormone. Removal of the anterior lobe causes marked 
stunting of the growth of experimental animals. Such dwarfed animals 
can be stimulated to renewed growth by anterior lobe extract if too 
much time does not elapse between the removal and injection. On the 
other hand, injection of this extract into young normal animals pro- 
motes their growth to abnormal size. The increase in size is due to 
true growth of bones and other tissues and is not just increased 
adiposity. 

The gonadotropic hormones. There are two hormones which 
definitely stimulate the secretion of sex hormones. When the anterior 
lobe is removed, the gonads degenerate. We shall discuss the pituitary- 
gonadal interrelationship at greater length in the next chapter. 

The lactogenic hormone. We shall have more to say about this 
later on, too. We may just mention here that an anterior lobe hormone 
is concerned in the secretion of milk by the mammary glands. 

Other "tropic” hormones. When the anterior lobe is removed, not 
only the gonads degenerate; the thyroid gland and the adrenal cortex 
do also. There have been reports, which are still inconclusive, of corre- 
sponding degeneration of the parathyroids. Anterior lobe extracts can 
bring about the regeneration of the thyroid and adrenal glands or an 
excess cause them to grow larger than normal. All in all, the evidence 
favors the existence of thyrotropic and adrenotropic hormones . 
Whether a parathyrotropic hormone exists is uncertain. 

Other effects. Anterior lobe extracts have been found to produce 
many effects related to the metabolism of carbohydrate and fat. There 
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are undoubtedly some hormones in the anterior lobe which exert a 
profound influence on metabolism. How many there are and whether 
they are the same as, or different from, some of the other hormones 
already mentioned are questions that remain to be answered. 

PITUITARY DISEASES IN MAN 

When certain cells of the anterior lobe degenerate or secrete insuffi- 
cient quantities of growth hormone in children, dwarfism results. 
These dwarfs are generally not deformed, but may be sexually under- 
developed. Some success has been achieved by treatment with growth 
hormone. Tumor of these anterior lobe cells in children causes giant- 
ism. A pituitary dwarf may be only 3 or 4 feet tali while a pituitary 
giant often grows to a height of 7 or 8 feet. If the growth hormone- 
cells are affected after full growth has been achieved, there is no 
further increase in height but acromegaly follows. This consists of 
overgrowth of the bones of the face, feet and hands, and of the viscera. 
Degeneration of the gonads is another prominent effect. 

Simmond’s disease results in adults from degeneration of the an- 
terior lobe. It is best described as premature senility — graying and loss 
of hair, wrinkling of the skin, reduction in the size of the body and 
its parts, atrophy of the gonads, mental deterioration, muscular weak- 
ness, and early death in coma. This disease in man is the equivalent 
of removing the anterior lobe in an experimental animal. 

Cushing’s disease is due to oversecretion of some of the anterior lobe 
cells. It is marked by great adiposity of the trunk and face but not 
of the limbs. There is often an increase in size of the adrenal glands 
and atrophy of the gonads. Other secondary effects may be due to the 
involvement of other endocrine glands. 

It is extremely difficult to treat pituitary disease. In cases of hyper- 
pituitarism, surgery is especially difficult and dangerous because of the 
location of the gland. Even if an operation is feasible, the removal of 
just the right part of so small a structure without damaging some 
other essential part makes the job no easier. We are handicapped, too, 
in the treatment of hypopituitarism because we haven’t pure enough 
preparations of specific hormones. In some cases an additional diffi- 
culty arises in determining just which hormone is involved. 


CHAPTER XII 


The Reproductive System 


Reproduction o£ the individual may be considered a form of growth 
— a discontinuous growth which perpetuates the species. Methods of 
reproduction have evolved along with other aspects of animal life. In 
general, the less specialized an animal is, the simpler its reproductive 
behavior. 

EVOLUTIONARY DEVELOPMENT OF REPRODUCTION 

In Amoeba and many other one-celled animals, reproduction is a 
simple splitting of the one cell into two portions, each daughter cell 
receiving an equal share of the nuclear and cytoplasmic materials. 

In somewhat more advanced animals the reproductive process takes 
the form of budding or splitting off of a part of the parent organism, 
the part then reproducing a complete new individual. In this way 
animals like the jellyfish are able, under certain favorable conditions, 
to reproduce their own kind. 

Sexual reproduction is common to a great many animals, certainly 
all the larger kinds. The essential process in sexual reproduction is 
the union of two cells to form one which then grows into a new indi- 
vidual. One of the two sex cells, the sperm, usually comes from a male 
individual; the other, the egg or ovum, from a female. This is not 
always true, for, in some animals, both sperm and egg cells are pro- 
duced in the same individual. 

In vertebrates like fish and frogs the union of sperm and ovum ( fer- 
tilization ) takes place outside the body. Egg and sperm cells are 
extruded into the water in which the animal lives and the sperm swim 
to and enter the eggs. For land vertebrates this method is, of course, 
not feasible. In these animals sperm cells must be introduced into the 
body of the female (copulation occurs), fertilization now taking place 
internally. 
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Internal fertilization demands a more complicated organ system. 
This is even more true in animals which do not lay eggs but bear 
their young, and nourish them by their own milk ( mammals — dog, 
rat, whale, man). This system we commonly think of as the reproduc- 
tive system . 


THE MALE REPRODUCTIVE SYSTEM 

In the human male the reproductive system (Fig. 135) is con- 
structed in a rather simple fashion. The male gonads are the testes 
which are found outside the body in a sac, the scrotum. 




Internally, each testis consists of a number of seminiferous tubule , 
(Fig. 136) in which the sperm cells are produced and mature. Scat- 
tered among the elements .of tubular tissue are other cells which com- 
prise the interstitial tissue. 
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NORMAL ACTIVITIES OF THE MALE REPRODUCTIVE 
SYSTEM 

The normal function of the testes is to produce mature sperm cells 
and the male sex hormone. The male sex hormone is responsible for 
the production of the bodily characteristics of the male and also for 



the maintenance of the accessory sexual organs. The latter are impor- 
tant in providing the proper medium for the sperm cells so that they 
may continue to live and be active in their passage out of the male 
and into the female during the process of copulation. 

The mature sperm cells pass from the cavities of the tubules into 
the much-coiled epidydimis where they are temporarily stored. At the 
times when copulation takes place sperms pass up the vas deferens 
into the urethra which conducts them out through the penis. Along 
this route the seminal vesicles, prostate, and bulbourethral glands pouf 
seminal fluid into the tubes. This fluid serves as a carrier and preserva- 
tive medium for the sperm ceils. The seminal fluid plus sperm is 
called semen. The erectile tissue of the penis can stiffen that organ 
by the engorgement of its many blood vessels. Semen is ejaculated 
from the penis during copulation. 

EFFECTS OF REMOVAL OF THE TESTES 

When a male animal is castrated (has its testes removed) it under- 
goes a number of bodily changes besides becoming sterile. It tends to 
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grow larger and fatter and to become less active, and its temper 
softens. The secondary sex structures — seminal vesicles, prostate gland, 
penis — do not attain maturity if castration is performed on an imma- 
ture male, and atrophy and lose their function in a castrated adult. 

The secondary sex characteristics do not appear if the immature 
male is castrated. Castration of the young rooster, for instance, pre- 
vents the normal development of the comb, wattles, and plumage. In 
the immature human castrate, hair does not grow on the face and 
body as it normally would and the quality of the voice does not 
change. The castrated adult, however, retains his male characteristics. 

The sex urge is abolished by castration in many animals. This does 
not hold for man. 

THE TESTICULAR HORMONE 

Even if the sperm-producing cells have degenerated, an extract of 
the testis is potent in combatting the effects of castration. The sec- 
ondary sex characteristics will appear and the secondary sex structures 
grow to maturity if testicular extract is administered to the immature 
castrate. Retrogressive changes can be prevented by injecting it into 
the adult castrate. 

Evidently some part of the testis must produce a hormone and, since 
the seminiferous tissue does not, the interstitial tissue must be respon- 
sible. The testicular hormone has been found in blood and is excreted 
in the urine. It has been isolated from testicular extracts, crystallized, 
and even synthesized. Although a group of compounds is now known 
r to possess at least some of the properties of the testicular hormone, the 
most potent of these (which has been isolated from the testis) is be- 
lieved to be the hormone itself. This substance is called testosterone . 





PITUITARY CONTROL OF THE TESTIS 

Removal of the anterior lobe of the pituitary can prevent maturation 
of the testes and accessory sex structures or cause them to degenerate, 
depending upon their state of development at the time of the opera- 
tion. It also abolishes the sex urge. Administration of anterior lobe 
extract to an animal in this condition reverses the effects of the 
operation. 

The pituitary hormones (there are two) responsible for the mainte- 
nance of the testis and its hormone are the gonadotropic hormones. 
The first of these is necessary for spermatogenesis, the production of 
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sperm cells. The second stimulates the interstitial tissue to produce 
testosterone. 

We might also mention here that temperature is a factor in the 
control of spermatogenesis. The temperature within the scrotum is 
several degrees below body temperature. If the testes are kept at body 
temperature, the seminiferous tubules (but not the interstitial tissue) 
degenerate within a few days’ time. It sometimes happens that the 
testes (which originate within the abdominal cavity) do not descend 
into the scrotal sac but remain in the body cavity. The seminiferous 
tubules do not develop in such cases, and the individual will be sterile 
if the condition is not corrected. 

THE SEQUENCE OF SEX CHANGES IN THE MALE 

Before puberty (sexual maturity) is attained, neither sperm cells 
nor the male sex hormone is produced. The onset of puberty is be- 
lieved to be caused by the liberation of gonadotropic hormones. (What 
stimulates the release of these hormones at this time is not known.) 
The first of these hormones stimulates the maturation of sperm cells 
and the second the production of testosterone. Testosterone in turn 
promotes the maturation of the secondary sex structures and brings on 
the secondary sex characteristics. The production of all three hormones 
can apparently continue to a ripe old age since old men have been 
reported to beget children. While testosterone may influence sex urge 
in man, it seems that the gonadotropic hormones are mainly responsi- 
ble for its maintenance. 

THE EEMALE REPRODUCTIVE SYSTEM 

The female gonads are the ovaries (Fig. 137 ), the egg-producing 
organs. Eggs are released from the ovaries into the abdominal cavity 
but soon enter the Fallopian tubes or oviducts. The latter are extensions 
of the uterus, the organ in which fertilized eggs grow and remain until 
thildbirth. The narrow neck ( cervix ) of the uterus projects into the 
vagina which opens into the vestibule . 

In the lower female mammals there are periodic changes during 
sexual life. Once puberty has been reached there are periodic breeding 
or mating seasons when the female is receptive to the male. During 
each mating season there occur one or more (depending on the species) 
estrous cycles, in which ovarian and uterine changes can be observed. 

There is no one mating season in human beings, although statistics 
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seem to show that fertility is greatest in the spring. There is, however, 
a series of changes comparable to the estrous cycle of lower mammals. 
This is the menstrual cycle. 



Fig. 137 — The female reproductive system. 


The testes of the male produce sperm continually but the ovaries 
of the female release eggs only periodically. An elaborate series of 
cyclical changes in the ovaries and uterus make the physiology of the 
human female much more intricate than that of the male. 

NORMAL ACTIVITIES OF THE FEMALE REPRODUCTIVE 
SYSTEM 

The female gonads, the ovaries, produce mature egg cells and the 
female sex hormones. The latter are responsible for the maintenance 
of female bodily characteristics and of the accessory sexual organs. As 
we shall see, the ovarian hormones play a major role in the regulation 
of the sequence of changes that comprise the menstrual cycle. The 
menstrual flow, commonly considered to begin the cycle, actually de- 
notes the completion of the cycle. 
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Ovarian changes. From birth until puberty the ovary contains a 
number of immature eggs. Each egg is surrounded by a number of 
smaller follicle cells. At the beginning of the first menstrual cycle, and 
at every one thereafter, some of the follicles begin to mature. Usually 
only one reaches maturity in each cycle, the others degenerating. The 
maturation of the follicle consists of a rather rapid growth in size and 
the accumulation of fluid within its cavity. At this stage the mature 
follicle looks like the representation in Fig. 138. 



Fig. 138 — Ovarian and uterine changes during the menstrual cycle. See text 
for complete description. 

The mature follicle is now bulging out from the surface of the 
ovary. Some 10 days after the beginning of its development (or 10 
days after the cessation of the menstrual flow), the follicle bursts and 
the ovum is extruded into the body cavity. This process is called 
ovulation. The cells of the ruptured follicle now undergo modifica- 
tions and form a solid, yellow mass of cells — the corpus luteum (yel- 
low body). 

If no fertilization of the egg occurs at this time, the corpus luteum 
grows for the next 12-14 days but then degenerates. If sperm cells are 
introduced into the vagina at about the time of ovulation, they travel 
(by means of a whip-like motion of their “tails”) through the uterus 
into the Fallopian tubes. This is usually the site of fertilization, if the 
egg is fertilized, it slowly passes down the oviduct into the uterus and 
beds itself in the uterine wall. Once fertilization has occurred, the 
corpus luteum remains and grows for almost the entire duration of 
pregnancy. 
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Uterine changes. Cyclical changes in the lining ( endometrium ) of 
the uterus accompany ovarian changes during a menstrual cycle. During 
the period of maturation of the follicle, the uterine lining grows much 
thicker because of multiplication of its cells (the growth phase). The 
mucous glands in it also grow larger and more blood vessels grow 
into it. 

After ovulation occurs, there is an accentuation of these changes. The 
lining becomes even thicker; the glands and blood vessels proliferate 
even more. In addition the glands now elaborate a viscous, mucous 
secretion (the secretory phase). If fertilization has occurred mean- 
while, the uterine lining remains in this state for the entire pregnancy 
period. If not, the top layers of the endometrium degenerate and are 
sloughed off. This entails some bleeding (the menstrual flow phase). 
The breakdown process is known as menstruation. The cells and blood 
pass to the exterior, the whole process lasting some four days. At the 
end of this time the uterine lining has returned to its initial state and 
is ready to repeat the cycle. 

Vaginal changes. In some of the lower mammals (the mouse and 
rat, for example) cellular changes take place in the lining of the 
vagina during the estrous cycle. By making a smear of some surface 
cells and observing it under the microscope, it is possible to tell at 
what stage of the cycle the animal is. The human vagina also shows 
changes but no completely reliable method has been found which will 
permit determination of the phase of the cycle. 

We should note that the lengths of the different phases of the 
menstrual cycle — io days for the growth phase, 14 for the secretory 
phase, 4 for the menstrual flow phase — are averages based on the 
observations of cycles in a large number of women. It does not mean 
that every woman has a cycle of these proportions or even that her 
cycle runs 28 days. There is actually a great deal of individual varia- 
tion, even variation in successive cycles in the same women. 

EFFECTS OF REMOVAL OF THE OVARIES 

Spaying or removal of the ovaries causes effects analogous to castra- 
tion in the male. If it is performed before sexual maturity has been 
reached, spaying results in the failure of the secondary sex structures 
to mature and a tendency for the secondary sex characteristics (high- 
pitched voice, female distribution of hair and fat deposits) to become 
mannish. 

Removal of the ovaries after puberty causes the cessation of the 
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estrous or menstrual cycle, degeneration of the secondary sex struc- 
tures, and increased adiposity. Spaying at any time will result in ste- 
rility, of course. 

THE OVARIAN HORMONES 

The endocrine effects of spaying can be prevented or reversed by 
injection of an ovarian extract. The sexual cycle can be reinstituted in 
a spayed female by the administration of such extracts. 

The ovary must then be still another endocrine organ. Confirmation 
of this came from the isolation of two hormones from ovarian extracts. 
These hormones have been crystallized and even synthesized. 

The follicular hormone. The hormone secreted by the growing 
follicle of the ovary has been given the name estrin. This hormone 
can induce the growth, vascularization, and glandular ization of the 
uterine lining when administered to the spayed female. When ad 
ministration stops, menstruation occurs. This follicular hormone is 
carried to the uterus by the blood and there promotes its effects. 

Many other chemical compounds, somewhat like estrin in chemical 
structure, have been found to possess “estrogenic” activity. They are 
not as a rule as potent as estrin. 

The luteal hormone. The hormone, progesterone, which is se> 
creted by the corpus luteum is responsible for the secretory activity 
of the uterine glands and for the maintenance of the pregnant uterus. 
The spayed female to whom only estrin has been administered will 
show the growth phase of the sexual cycle but will not exhibit the 
secretory phase unless progesterone administration follows that of 
estrin. Estrin must be given first, however, probably sensitizing the 
uterine lining to progesterone. 

PITUITARY-OVARIAN INTERRELATIONSHIPS 

Gonadotropic hormones of the anterior lobe of the pituitary exert 
a very definite control over the ovaries and their hormones. Removal 
of the anterior lobe results in degeneration of the ovaries and accessory 
sex structures and loss of the sex urge. Administration of gonadotropic 
hormones can prevent or reverse these changes. 

The hormone similar to the one which promotes spermatogenesis 
in the male is called the follicle-stimulating hormone (FSH) in the 
female; that similar to the one which stimulates secretion of testos- 
terone in the male is called the luteinizing hormone (LH) in the 
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female. Injection of FSH into the female animal whose anterior lobe 
of the pituitary had been removed prevents the ovaries from degenerat- 
ing and promotes growth of the follicles and secretion of estrin; injec- 
tion of LH is believed to cause ovulation and does stimulate secretion 
of progesterone by the corpus luteum. 

Estrin and progesterone, on the other hand, can inhibit the secretion 
of gonadotropic hormones by the pituitary. Injection of estrin seems 
to inhibit the secretion of FSH particularly and progesterone, to in- 
hibit secretion of LH. 

PREGNANCY 

During the first half of pregnancy the corpus luteum is essential. 
It maintains the uterine lining in its secretory phase and is necessary 
for the nesting of the fertilized egg in the uterine wall. It also prevents 
menstruation. If the corpus luteum is removed during this time, abor- 
tion occurs — the uterine lining sloughs off and the embryo is dis- 
charged from the uterus. After the first half of pregnancy, the corpus 
luteum is not essential; in fact, it degenerates in the late months of 
pregnancy. 

The suggestion has been made that the placenta produces proges- 
terone during the latter part of the pregnant period. (The placenta 
is the structure formed by the combination of uterine and embryonic 
tissue through which the embryo is nourished.) IE the placenta does 
secrete this hormone, then it contributes to its own maintenance 
(progesterone being necessary to carry pregnancy to completion). 

LACTATION 

The growth of the breasts at puberty is caused by the liberation of 
estrin into the blood. Their subsequent greater development in pre- 
menstrual periods and especially during pregnancy is due to the co- 
operative action of progesterone. The actual secretion of milk is 
inhibited rather than fostered by the ovarian hormones. 

After childbirth the anterior lobe of the pituitary secretes a lacto- 
genic hormone which then stimulates the production of milk by the 
mammary glands. 

THE MENOPAUSE AND MENSTRUAL DISORDERS 

Sometime between the ages of 42 and 52 the female sexual cycle 
ends. The ovaries begin to atrophy and, subseauently, degenerative 
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changes take place in the uterus, vagina, breasts, etc. Sterility then 
ensues. Quite frequently there are outward signs of these changes in 
the reproductive system — hot flushes, sweating, and psychic symptoms. 
In some women this “change of life” is a difficult period. Attempts to 
bring about a more gradual change by the administration of ovarian 
hormones have been successful in some cases, but there have been 
many failures reported. 

Treatment of menstrual disorders in younger women is at about the 
same stage of success. Scanty, painful, excessive, or absent menstrual 
flow is not uncommon. The difficulty in treatment probably lies in the 
fact that administration of hormones does not faithfully imitate the 
cyclical changes in hormone levels that occur normally. 

THE SEQUENCE OF EVENTS IN THE FEMALE SEX CYCLE 

At the onset of puberty the FSH of the pituitary stimulates the 
growth of ovarian follicles and secretion of estrin. Estrin in turn 
promotes the development of secondary sex structures and characteris- 
tics. It also causes the growth phase of the uterine lining. In each 
menstrual cycle when the concentration of estrin in the blood rises 
to a high enough level, the FSH is inhibited and — perhaps — the pitui- 
tary stimulated to secrete LH. This causes ovulation, growth of the 
corpus luteum and subsequent secretion of progesterone. Progesterone 
turns the sensitized endometrium into a mucus-secreting tissue. 

When the level of progesterone reaches a certain height, secretion 
of LH is inhibited. If no egg is fertilized, the corpus luteum degen- 
erates and the concentrations of estrin and progesterone fall rather 
sharply. This brings on menstruation. If an egg is fertilized, the corpus 
luteum remains throughout most‘of pregnancy and inhibits the usual 
menstrual cycles (there are occasional exceptions to this). In the later 
stages of pregnancy the placenta possibly secretes progesterone after 
degeneration of the corpus luteum. Meanwhile estrin and progesterone 
are stimulating the development of the mammary glands. 

When pregnancy reaches its term, the levels of progesterone and 
estrin again drop sharply and labor begins. After birth, the lactogenic 
hormone of the pituitary stimulates the production of milk. 

It is also possible that the menopause is caused by another sharp 
fall in estrogen and progesterone levels. 
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Nutrition 


The radio, newspapers, and other advertising media deluge us with 
daily inducements to eat this, not that, eat what you want but take 
this afterwards, and so on. It is to be hoped that more of us know 
what a proper diet is than advertisements would lead one to believe. 
We cannot expect to plumb the science of nutrition very deeply in 
these few pages. What we may get from them is some concept of a 
balanced and adequate diet and some reason for including the various 
important constituents of one. 

At the time of the First World War, nutrition experts were thinking 
mainly in terms of a diet furnishing sufficient calories (units of heat) 
and thought it did not matter too greatly what foodstuffs supplied the 
caloric needs. We are now in the midst of a vitamin craze. These 
trends represent exaggerations of the importance of one aspect of diet 
at the expense of others. 

A sounder basis on which to construct a good diet is to grant each 
important group of nutrients its proper place and proportion. We 
recognize six important classes of nutrients — carbohydrates, fats, pro- 
teins, water, minerals, and vitamins. The number of calories that the 
diet will supply must also be taken into consideration. 

CARBOHYDRATES 

Starches and sugars constitute the larger part of most of our diets 
and they rightly should. Carbohydrates are more easily and more 
quickly digested than fats or proteins and are our primary source of 
energy. In times of stress the carbohydrate reserves of the body (sel- 
dom very large) are the first to be called upon and depleted. Although 
other considerations come first when we are thinking in terms of 
health, it should not be overlooked that foods rich in carbohydrate 
237 
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are generally less expensive than protein- or fat-rich foods. In many 
respects, then, more carbohydrates should be eaten than other nutri- 
ents. 

Good sources of starch are the grains (corn, wheat, rice, etc.) and 
the products derived from them (bread, cereals, etc.) as well as vege- 
tables like potatoes and fruits like bananas. Sugars are found espe- 
cially in fruits, berries, beets and some other vegetables, cane sugar 
itself, and “sweets.” 

FATS 

Although a richer source of energy than carbohydrates (weight for 
weight, fat provides more than twice as many calories as carbohy- 
drate), fats are digested more slowly and with more difficulty than 
other foodstuffs. Too much fat in a meal can slow digestion of other 
foodstuffs by coating them. In addition, fat specifically inhibits gastric 
motility and secretion. 

But fats are essential as secondary sources of energy and can be 
stored in many body regions for future use. To a certain extent fats 
or related substances are also necessary as parts of the cellular and 
body framework. Several of the fatty acids have been reported essen- 
tial for growth in some of the lower mammals; it may be that they 
are necessary for growth and maintenance in man, too. Fats are also 
important as the carriers of certain vitamins (the fat-soluble group). 

Dairy products (butter, milk, etc.) are rich in fats. A certain amount 
of fat can be obtained from vegetables and from animal foods (meat, 
poultry, fish, lard, etc.). Nuts are also good sources. 

PROTEINS 

Not ordinarily necessary as a fuel substance, proteins can, when oxi- 
dized, liberate as much energy as carbohydrates. They are of primary 
importance as the stuff of which protoplasm is made, for growth and 
repair of' tissues. 

In this respect not all proteins in foods are of the same quality and 
of the same value to the body. The differences in value among pro- 
teins depend upon the amino acids of which they consist. Proteins, 
as we have noted, are composed of amino acids. Although there are 
only some twenty-odd amino acids, a multiplicity of proteins can be 
formed from them. Some proteins have all the known amino acids in 
their make-up, others have not. But two proteins having the same kinds 
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of amino acids in their molecules can differ greatly from one another 
by virtue of the amount of each amino acid contained and the arrange- 
ment of the amino acid groups within the molecules. 

From the nutritional viewpoint the number of different amino acids, 
and specifically which amino acids, determine the value of a protein 
in the diet. In the early part of this century feeding experiments 
showed that mice receiving zein, the protein of corn, as the only source 
of protein in the diet were very much stunted in growth (Fig. 139). 



Fig. 139 — The increase in weight of mice on a diet containing incomplete 

proteins ( ) contrasted with that of mice on a well-balanced 

diet ( •). 


Gelatin, if the only protein in the diet, causes similar effects. Knowing 
that some amino acids were not present in these proteins, the investi- 
gators now added the missing amino acids to the diet of the stunted 
animals. Growth was reinstituted immediately. 

Experiments of this kind have revealed that there are nine or ten 
amino acids which must be present in the diet for growth and main- 
tenance of tissue. These are the essential amino acids, those which 
cannot be synthesized in the body. All other amino acids can be formed 
by the body cells from their constituent elements. 

Proteins are classified, for dietary purposes, with respect to their 
content of essential amino acids. Those that contain the essential amino 
acids are called complete proteins; those that do not, incomplete pro- 
teins. Using this classification as their criterion, scientists have been 
able to show that the best sources of protein are milk and eggs. Off- 
hand we should expect that these would be the most adequate because 
the food material of eggs is the source of nourishment for embryos 
until they hatch and that of milk is the immediate food for mammalian 
infants after birth. 
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Other animal proteins, such as in liver, meat, and fish, are next most 
valuable, and then come the vegetable proteins. Although mentioned 
last, vegetables should not be looked upon as poor sources of protein. 
An adequate protein intake can be maintained on a vegetarian diet, but 
greater amounts and varieties of such proteins must be eaten to supply 
the necessary quantities of essential amino acids. 

Aside from their value as tissue builders, proteins are important as 
the material of which many enzymes and hormones are constructed 
in whole or in part. 

In addition to the absence of growth and maintenance, protein in- 
sufficiency may show up in nutritional edema. A severe lack of dietary 
protein results in depletion of the plasma proteins and consequent 
lowering of the osmotic pressure of the blood. Not as much water 
can be held in the blood under these conditions, and a great deal of it 
leaves the blood stream. It accumulates in the tissue spaces and causes 
a swelling, especially of the lower regions of the body (effect of grav- 
ity on this relatively stagnant fluid). 

WATER 

It hardly seems necessary to stress the importance of water in the 
bodily economy. It is the most important chemical constituent of the 
body not only with respect to the amount which is present but also 
with respect to the activities it takes part in and those for which it is 
responsible. 

The fluid intake must be maintained even if that of other dietary 
constituents is not, for the body can withstand dehydration much less 
than it can deprivation of food. 

MINERALS 

A great many of the minerals are useful to and essential for proper 
health. Most of them are necessary only in small amounts and are 
plentifully supplied in the average daily diet. There are some that do 
have to be given more attention, however. 

Sodium, potassium, and calcium salts are, as we know, necessary 
in the proper proportions to preserve a suitable environment for the 
body cells in general and are of especial importance in the preservation 
of irritability of muscle and nerve. 

Chlorine is the mineral most often combined with sodium, potas- 
sium, and calcium to form the essential salts of the blood and body 
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fluids. It is also a constituent of the hydrochloric acid in gastric 
juice. 

Calcium has some specific functions of its own which make it doubly 
important. It is, of course, an essential element in bone and thus is 
necessary for bone growth. It is essential also for the coagulation of 
blood, the coagulation of milk by rennin, the beating of the heart, and 
transmission of impulses across the synapses in certain parts of the 
nervous system. Since it is present in only small amounts In most 
foods, care should be taken to get the daily minimum requirement in 
the diet. This is especially true of growing children but it applies to all 
of us. Milk is probably the best source of calcium. Other good sources 
are cheese and a variety of green vegetables and vegetable greens. 

Iron is another very important mineral which must be watched to be 
adequate in the diet. Hemoglobin and certain intracellular enzymes 
will not be formed in the proper amounts if iron is lacking. Liver, 
oysters, greens, kidneys, eggs, potatoes, and beef are good sources of 
iron. 

Phosphorus combined with calcium in phosphates is an important 
constituent of bone. Phosphorus is also a necessary element in the 
metabolism of carbohydrates and fats. Foods like wheat, milk, meat, 
beans, and nuts are rich in phosphorus. 

Sulphur is an important constituent of some amino acids and en- 
zymes. It is usually ingested in proteins of which it is a part. Iodine 
is necessary for the formation of the thyroid hormone. In regions 
where the soil and water contain adequate amounts of it, the ordinary 
diet will contain sufficient quantities. Otherwise, iodized salt should 
be used. Copper is needed in very small amounts as a catalyst in the 
formation of hemoglobin. Its dietary supply is almost always adequate. 

VITAMINS 

From the 1890’s on we have been steadily accumulating knowledge 
about some accessory dietary substances called vitamins. Beginning 
with just one, we are now sure of quite a few. The absence or great 
diminution of vitamins in the diet can, over the course of time, give 
rise to deficiency diseases. Many of these diseases — such as beri-beri, 
scurvy, and pellagra — were known to men for many years before the 
discovery of vitamins. 

In almost no case are we quite sure of a vitamin’s mechanism of 
action. Some at least do appear to function as parts of essential enzyme- 
systems within the body. We have learned much about the chemistry 
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of the vitamins and have crystallized and synthesized many so that they 
are available as pure substances. 

The fact that vitamins are needed in only very small amounts is, 
perhaps, presumptive evidence that they act as catalysts in the body, 
It also points to the fact that a great many of the dire threats used 
in advertising campaigns are nothing to worry about. Most vitamins 
are distributed fairly widely in foods and a balanced diet will insure 
an ample supply of vitamins. (It is true that even a “good” American 
diet is apt to be deficient in the B vitamins.) The most pressing 
dietary need these days is to see that everyone gets an ample, balanced 
diet. When, for economic reasons or lack of education, a good diet is 
not provided, then deficiency diseases crop up. 

THE FAT-SOLUBLE VITAMINS 

Vitamin A. Yellow vegetables (carrots, sweet potatoes, etc.), some 
greens, butter, cheese, and cream are excellent sources of vitamin A. 
Lack of this vitamin causes night blindness, greatly increased sus- 
ceptibility to infections, failure to gain weight, drying up of tear and 
cutaneous gland secretions with thickening of epithelial surfaces and, 
perhaps, degenerative changes in the nervous system. 

Vitamin A is intimately bound up with the visual purple of the 
rods and may actuaUy be its precursor. Deficiency of the vitamin pre- 
vents the regeneration of visual purple and brings on the inability to 
see normally in dim light. The infections resulting from lack of the 
vitamin are very often localized to the eyes and can lead to blindness 
if unchecked. 

Vitamin D. Absence or great lack of vitamin D results in rickets 
and decay of the teeth. Vitamin D is essential for the proper calcifica- 
tion of bone. In its absence bones become soft, weak, and deformed. 
In rickets the leg bones, for instance, are unable to support the body 
weight adequately and tend to become bowed. 

Unlike most vitamins, vitamin D does not have a very wide dis- 
tribution. The best sources are fish liver oils (especially halibut and 
cod liver oils), some fish, meat, and eggs. The vitamin is, however, 
formed by irradiation of a fat-like substance in the skin with ultra- 
violet rays. Exposure to the sunlight, then, enables vitamin D to be 
formed and stored in the body for use when needed. In winter when 
there is comparatively little sunlight in some places, it is especially 
important to supplement the diet of infants and growing children 
with some good source of vitamin D. 
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’Vitamin E. The “anti-sterility” vitamin is vitamin E. Its absence 
causes sterility in rats and Its administration appears to favor fertility 
in some other mammals. There . is no conclusive evidence for any de- 
ficiency symptoms in man due to lack of this vitamin. It is found 
especially in green vegetables (lettuce, peas, etc.) and wheat germ 
oil. 

Vitamin K. The absence of vitamin K reduces the prothrombin con- 
centration of the blood and lengthens the coagulation time of blood. 
There also seems to be a tendency to bleed easily when it is absent. 
It has been called the anti-hemorrhagic or coagulation vitamin. Vita' 
min K is found especially in green vegetable leaves. 

THE WATER-SOLUBLE VITAMINS 

Vitamin B r The absence of vitamin B t or thiamine causes the 
disease beri-beri to appear. This disease is marked by progressive 
paralysis of the peripheral nerves, muscular incoordination, some affec- 
:ion of the heart muscle and, at times, edema. If untreated, it is fatal. 
Many cases occur each year in Oriental countries where the staple food 
is polished rice (white rice). The rice polishings contain thiamine but 
not the body of the grain. 

Thiamine deficiency can cause loss of appetite and loss of muscle 
tone in the digestive tract. It can also stunt growth. When thiamine 
intake is slightly under the normal requirements, extreme nervousness 
and irritability are reported to occur. 

Lean meats, peas, beans, grains, and yeast are good sources of 
vitamin B r 

Vitamin B 2 . Vitamin B ? (or G ) goes under the name of nicotinic 
acid and, more recently, niacin. Deficiency of it (plus the absence of 
good quality protein) brings on the disease pellagra. The symptoms of 
this disease are red, dry skin with the formation of scales, digestive 
disturbances, degeneration of nervous tracts and tissue, and mental 
deterioration and disturbances. Insanity and death may result if the 
disease is not checked. 

Niacin is found in liver, lean meats, milk, yeast, eggs, and green 
vegetables. Pellagra is common among the poor in Europe and the 
southern part of the United States. Diets of cornmeal, pork fat, rice, 
and syrup which are frequent in these regions contain little niacin. 

Other B vitamins. There have been a number of other vitamins re- 
ported which fall into the B “complex” — a number of vitamins which 
apparently are important in enzyme-systems. Their effects in deficiency 


264 


NUTRITION 


in man are not known. Riboflavin deficiency has been reported to cause 
some eye disturbances. Pantothenic acid has been recently portrayed 
as the restorer of natural color to gray hair but there is very meager 
confirmation of this for man. Most of us probably receive adequate 
amounts of these anyway. 

Vitamin C. Scurvy is the deficiency disease resulting from lack of 
vitamin C or ascorbic acid. In the past it has most often occurred 
during long sea voyages, or similar situations in which men have been 
deprived of fresh fruits and vegetables. Vitamin C is especially found 
in fresh vegetables (mostly green ones) and citrus fruits (oranges, 
grapefruit, limes), and tomatoes. 

Scurvy is symptomatized by hemorrhages in mucous membranes, 
subcutaneous tissues and muscles (the gums are especially affected), 
painful bones and joints, weakness and emaciation. Vitamin C is essen- 
tial for the normal maintenance of capillary walls; in its absence they 
become fragile and rupture easily. 

A BALANCED DIET 

It is important to get the proper amount of calories from your daily 
diet. You should eat enough food to furnish the energy needed for 
your particular mode of living. In this respect it is important not to 
waste protein by using it as an energy-producing foodstuff. Carbo- 
hydrates and fats are more easily used as fuels and, if they are in 
proper amounts in the diet, will spare protein for its more specific 
uses. It is difficult to assess any strict proportions to the three major 
foodstuffs, for their amounts should vary according to the conditions 
in the individual. For the average diet of a man doing moderate work 
about 60 per cent of the calories should be derived from carbohydrates, 
25 from fat, and 15 from protein. These proportions should satisfy 
both fuel and building needs. 

You will assure yourselves of a balanced diet if representatives of 
the following groups of foods are included on your daily menu: milk; 
water or liquid in some form; eggs; green vegetables; yellow vege- 
tables; meat, fish, cheese, beans; potatoes, whole grain products; fruits 
(especially citrus); butter and other fats. 

Adherence to such a diet will supply the vitamins, minerals, ana 
proteins needed as well as sufficient calories and will allow for variety. 
Other items can be added which would not necessarily fall into any 
one of these categories, but they should not be included as substitutes, 
nor at the exnense of one or more of the basic groups. 
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DIFFERENCES IN DIETS 

There are so many different kinds of foods that a really balanced 
diet can be planned for everyone, even for those with fussy tastes. 

Sometimes it is not only tastes that must be taken into considera- 
tion. It is quite clear, for instance, that men doing hard physical work 
need more calories than those leading sedentary lives. More protein, 
too, would be indicated for the former because their exertions will 
cause greater destruction of tissue which will need to be replaced. 

Pregnant women need extra amounts of calcium and iron; the vita- 
min D content of the infant’s diet requires special attention. 

For many conditions there is a “best” diet, and various ones are 
prescribed for one ailment or another. Such prescriptions should be 
left in the hands of physicians and should not be self-inflicted. This 
holds true especially for “reducing diets.” There are good ways of los- 
ing weight without resorting to “starvation” diets or omitting certain 
essentials, “sure fire” methods notwithstanding. In any case, it is far 
better to employ common sense and see a reliable physician than to 
risk illness. 


CHAPTER XIV 


Metabolism 


The total energy of the universe remains constant. It is neither being 
added to nor subtracted from at any moment. Do you wonder then 
how “activity” goes on? If you think of energy in terms of the 
“capacity for performing work,” you can see that this state of affairs 
need not lead to a deadlock at all. Existent energy can perform work 
in many different ways and, since it cannot be destroyed, is always a 
potential source of more work, though perhaps of a different nature. 
Energy is constantly being converted from one form to another — - 
chemical to mechanical, mechanical to electrical, electrical to thermal, 
chemical to electrical, and so on. And all these forms must come from 
pre-existent energy. 

These energy relationships apply to living as well as non-living 
bodies. We know, for instance, that the source of our energy is the 
food we eat which, in turn, derives its energy from the sun directly 
or indirectly. Appropriate chemical action changes this food energy 
into forms available to our body cells. 

Each cell is a “laboratory” containing the chemical “equipment” 
needed to release energy from food by breaking it down to smaller, 
simpler substances. The chemical energy so released is converted into 
all the other forms in which it manifests itself in living activities and 
also is used to build up the complex protoplasm of living matter. 
Metabolism is, then, a composite of chemical reactions which tear 
down and release energy {catabolism) and those which build up and 
store energy ( anabolism ). 

TOTAL HEAT PRODUCTION BY THE BODY 

The lowest form of energy is heat. All of the other forms of energy 
can be converted into heat, but heat — so far as we know — cannot be 
reconverted to other forms. We can use heat but cannot change it into 
anything else. 
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At the end of the 18th century it was first recognized that the heat 
given off by the body was the result of combustion of substances 
within the body in the presence of oxygen. The basic reactions in a 
burning candle and an animal body were seen to be similar. Each used 
up oxygen in burning carbon compounds with the resultant liberation 
of carbon dioxide, water, and heat. 

During the 19th century, scientists found quantitative evidence that 
the animal body liberated as much energy in one way or another as 
it received in the form of food. This was determined by placing men 
as well as other animals in chambers called calorimeters and measuring 
their heat output from a given amount of food. Calorimeters are cham- 
bers which are so well insulated that no heat can be lost from them. 
In the walls of the chamber are tubes through which water circulates. 
This water absorbs the heat liberated and its temperature is measured 
as it enters and leaves the pipes. Knowing the difference in tempera- 
ture and the amount of water in the pipes you can calculate the 
amount of heat taken up by the water. 

By checking the heat produced by the. body against the heat liberated 
by burning the same amount and kind of food outside the body as 
was eaten by the subject, it was found that the values were so nearly 
equal as to be considered the same (the slight difference is accounted 
for by the small errors inherent in the experimental method). Thus 
we can conclude that food oxidized completely by the body yields as 
much heat as it would when burned outside the body. 

There are certain checks that have to be made. It was found that 
carbohydrates and fats yield the same amount of heat when burned 
in or outside the body. Proteins, however, yielded less in the body than 
outside. The reason for this was soon discovered. In the body, protein 
is not completely oxidized while its burning outside goes to comple- 
tion. But, if the incomplete products of its oxidation are burned sep- 
arately and the heat liberated added to that liberated by its partial 
oxidation in the body, the sum is found to equal that produced when 
it is completely oxidized outside the body. 

You may wonder how these scientists knew that the body oxidized 
only the food eaten and not other foodstuffs already present in the 
body. That could be a source of serious error. It can be checked by 
other analyses, however. 

There is an unvarying proportion of nitrogen in proteins and the 
nitrogenous portion of the protein molecule is the part not oxidized 
in the body. It is instead excreted in the urine (urea is the main waste 
product of protein metabolism). By collecting all the urine excreted 
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by the subject during the test period and analyzing its nitrogen con- 
tent, the amount of protein that would have to be broken down to 
yield that much nitrogen can be calculated. 

Knowing the amount of protein oxidized, we next calculate how 
much oxygen will be needed for it, and how much carbon dioxide pro- 
duced. Our second analysis is to measure the oxygen consumption and 
carbon dioxide production of the subject during the test period. Tak- 
ing these total values for all three foodstuffs, we subtract the amounts 
calculated for the oxidation of protein and are left with the oxygen 
and carbon dioxide values for the sum of carbohydrate and fat oxi- 
dations. 

How can we determine how much of each has been oxidized? There 
is no distinctive end product for them since both are changed to car- 
bon dioxide and water. A knowledge of the chemistry of the reactions 
involved has shown that in carbohydrate oxidation there is always 
as much carbon dioxide produced as oxygen consumed. The ratio 
of oxygen to carbon dioxide in this case is, then, 1:1. For fat, more 
oxygen is consumed than carbon dioxide produced in the constant 
ratio of 10:7. If, after subtracting the values for protein as above, we 
are left with amounts of oxygen and carbon dioxide in one of these 
ratios, then only carbohydrate or fat has been oxidized. If the ratio 
j were found to be 10:9, then two-thirds of the totals must refer to 

I carbohydrate oxidation and one-third to fat. And from the amounts 

I of oxygen and carbon dioxide we can then calculate how much carbo- 

i hydrate and fat were oxidized. We can determine, therefore, the 

: amount of each foodstuff that has been oxidized and check it against 

the amounts given to the subject. 

, To establish the facts about total heat production it was necessary 

to measure the heat produced very directly. But, as you can imagine, 
a calorimeter capable of housing a man comfortably is a large, 
cumbersome, and very expensive piece of apparatus. Advantage is 
taken of the constant relationship of oxygen consumption to heat 
production and in most cases we now measure heat production in- 
directly. Measuring oxygen consumption is a much easier, more rapid, 
and convenient method. The calculations from oxygen consumption to 
heat production have been standardized and are easily made. 

THE BASAL METABOLIC RATE 

I Total heat production is taken as an index of total metabolism . This 

I can vary so much in the same individual at different times because of 
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circumstances difficult to measure quickly and simply that it gives us 
no clear impression of the state of his metabolism. For this reason it 
is customary to test the basal metabolic rate (B.M.R.) of an individual. 

The B.M.R. is the heat production of a person under standard con- 
ditions which reduce activity to a minimum. The usual method of 
measurement is the determination of oxygen consumption over a given 
period of time. The subject is tested early in the morning, when he has 
not eaten since dinner the night before, has not exercised strenuously 
during the preceding twenty-four hours, and has lain at rest for 
half an hour before the test in a room at comfortable temperature. 
In this way an attempt is made to get as complete muscular and 
mental relaxation and digestive tranquillity as is possible. Any heat 
produced by the body is then due to the basic metabolic processes 
of the cells and the activities of organs that are necessary for life. 

We should expect a larger, heavier person to produce more heat 
than a smaller, lighter one. He does. When we calculate the heat pro- 
duction per unit of weight, though, we find that the heavier person 
generates less heat per unit than the lighter. Calculating the heat 
production per unit of surface area of the body, however, we find that 
we get a figure which is surprisingly constant for all individuals. 
And not only is this true for all human beings, but it applies to a 
great number of warm-blooded animals. A mouse and a man have 
approximately the same heat production per unit of surface area. 
This means, of course, that per unit of body weight the mouse has 
a much greater B.M.R. and a more active metabolism of its cells than 
has a man. 

The smaller an animal is, the greater its surface area in proportion 
to its size. This means that the small animal has more surface propor- 
tionately from which heat can be lost to the environment. And, since 
the body temperature of warm-blooded animals is kept at a constant 
level, it must produce more heat per cellular unit to keep pace with 
its greater heat loss. 

The average surface area is about 1.6 square meters for adult women 
and x.8 for adult men. The basal heat production ranges from 1200 to 
1800 Calories per day (a Calorie is the quantity of heat required to 
raise the temperature of one liter of water i° Centigrade). For a 
basal heat production of 1800 Calories and a surface area of 1.8 square 
meters the B.M.R. would be 1000 Cal./sq. m. It is customary to express 
the B.M.R. in per cent of normal (based on the averages taken on a 
large number of people). Thus, if the average for an individual of a 
certain age who has 1.8 sq. m. of surface area is 1000 Cal./sq. m., then 


268 METABOLISM 

by the subject during the test period and analyzing its nitrogen con- 
tent, the amount of protein that would have to be broken down to 
yield that much nitrogen can be calculated. 

Knowing the amount of protein oxidized, we next calculate how 
much oxygen will be needed for it, and how much carbon dioxide pro- 
duced. Our second analysis is to measure the oxygen consumption and 
carbon dioxide production of the subject during the test period. Tak- 
ing these total values for all three foodstuffs, we subtract the amounts 
calculated for the oxidation of protein and are left with the oxygen 
and carbon dioxide values for the sum of carbohydrate and fat oxi- 
dations. 

How can we determine how much of each has been oxidized? There 
is no distinctive end product for them since both are changed to car- 
bon dioxide and water. A knowledge of the chemistry of the reactions 
involved has shown that in carbohydrate oxidation there is always 
as much carbon dioxide produced as oxygen consumed. The ratio 
of oxygen to carbon dioxide in this case is, then, i:i. For fat, more 
oxygen is consumed than carbon dioxide produced in the constant 
ratio of 10:7. If, after subtracting the values for protein as above, we 
are left with amounts of oxygen and carbon dioxide in one of these 
ratios, then only carbohydrate or fat has been oxidized. If the ratio 
were found to be 10:9, then two-thirds of the totals must refer to 
carbohydrate oxidation and one-third to fat. And from the amounts 
of oxygen and carbon dioxide we can then calculate how much carbo- 
hydrate and fat were oxidized. We can determine, therefore, the 
amount of each foodstuff that has been oxidized and check it against 
the amounts given to the subject. 

To establish the facts about total heat production it was necessary 
to measure the heat produced very directly. But, as you can imagine, 
a calorimeter capable of housing a man comfortably is a large, 
cumbersome, and very expensive piece of apparatus. Advantage is 
taken of the constant relationship of oxygen consumption to heat 
production and in most cases we now measure heat production in- 
directly. Measuring oxygen consumption is a much easier, more rapid, 
and convenient method. The calculations from oxygen consumption to 
heat production have been standardized and are easily made. 

THE BASAL METABOLIC RATE 

Total heat production is taken as an index of total metabolism. This 
can vary so much in the same individual at different times because of 
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circumstances difficult to measure quickly and simply that it gives us 
no clear impression o£ the state of his metabolism. For this reason it 
is customary to test the basal metabolic rate (B.M.R.) of an individual. 

The B.M.R. is the heat production of a person under standard con- 
ditions which reduce activity to a minimum. The usual method of 
measurement is the determination of oxygen consumption over a given 
period of time. The subject is tested early in the morning, when he has 
not eaten since dinner the night before, has not exercised strenuously 
during the preceding twenty-four hours, and has lain at rest for 
half an hour before the test in a room at comfortable temperature. 
In this way an attempt is made to get as complete muscular and 
mental relaxation and digestive tranquillity as is possible. Any heat 
produced by the body is then due to the basic metabolic processes 
of the cells and the activities of organs that are necessary for life. 

We should expect a larger, heavier person to produce more heat 
than a smaller, lighter one. He does. When we calculate the heat pro- 
duction per unit of weight, though, we find that the heavier person 
generates less heat per unit than the lighter. Calculating the heat 
production per unit of surface area of the body, however, we find that 
we get a figure which is surprisingly constant for all individuals. 
And not only is this true for all human beings, but it applies to a 
great number of warm-blooded animals. A mouse and a man have 
approximately the same heat production per unit of surface area. 
This means, of course, that per unit of body weight the mouse has 
a much greater B.M.R. and a more active metabolism of its cells than 
has a man. 

The smaller an animal is, the greater its surface area in proportion 
to its size. This means that the small animal has more surface propor- 
tionately from which heat can be lost to the environment. And, since 
the body temperature of warm-blooded animals is kept at a constant 
level, it must produce more heat per cellular unit to keep pace with 
its greater heat loss. 

The average surface area is about 1.6 square meters for adult women 
and i.B for adult men. The basal heat production ranges from 1200 to 
1800 Calories per day (a Calorie is the quantity of heat required to 
raise the temperature of one liter of water i° Centigrade). For a 
basal heat production of 1800 Calories and a surface area of 1.8 square 
meters the B.M.R. would be 1000 Cal./sq. m. It is customary to express 
the B.M.R. in per cent of normal (based on the averages taken on a 
large number of people). Thus, if the average for an individual of a 
certain age who has 1.8 sq. m. of surface area is 1000 Cal./sq. m., then 
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a person of those qualifications whose heat production is 950 Cal./ sq. m, 
would have a B.M.R. of — 5%. In practice a B.M.R. within the limits 
of -j- and — 10% is considered to be normal. 

FACTORS INFLUENCING HEAT PRODUCTION 

B.M.R. The B.M.R. is influenced by a number of factors. It decreases 
progressively with age. It is somewhat lower in women than in men. 
Some Oriental peoples have a lower rate than Occidentals. But racial 
differences vary. Eskimos, for instance, have a higher rate than whites. 
People who engage in hard physical work generally have a higher rate 
than those leading a sedentary life. Pregnant women show an increase 
after the sixth or seventh month of pregnancy. At this time the weight 
of the fetus appreciably increases the weight of the mother and the 
B.M.R. is the sum of the mothers and that of the fetus. 

In some abnormal or pathological conditions the B.M.R. is lowered 
or raised. Hypothyroidism and starvation decrease it. Hyperthyroidism 
and fever increase it. For every additional degree of temperature above 
normal the B.M.R. rises some 5-7 per cent. We see in this another 
example of a rise in temperature speeding up chemical reactions— 
the metabolic reactions in the cells are accelerated during feverish 
states. 

Total heat production. Any activity in which we engage that in- 
volves the slightest muscular effort raises the total heat production. In 
moderate exercise the increase may amount to a 25-60 per cent jump 
over the B.M.R. Strenuous exercise may cause as much as a 1500 per 
cent increase above the basal level. 

Mental activity, strangely enough (the brain contributes about 10 
per cent of the B.M.R.), involves almost no extra heat production. It 
has been said that “extra Calories needed for one hour of intense 
mental effort would be completely met by the eating of — one-half of 
one salted peanut.” 

During quiet sleep there is less heat produced than at any other 
time. Here is the true “basal metabolism,” for relaxation of muscles 
is at its maximum. We cannot, however, use heat production during 
sleep as a standard index because the depth of sleep, and muscular 
relaxation along with it, varies considerably and cannot be controlled 
as the standard conditions for the B.M.R. test can. 

Environmental temperature can affect the total heat production. 
When the surrounding temperature is uncomfortably low, we begin 
to shiver. The involuntary muscular contractions which constitute 
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shivering will increase the total heat production of the body. If the 
temperature of the air is warmer than body temperature, heat produc- 
tion may or may not be changed. 

The specific dynamic action of foods raises the total heat production. 
When foods are eaten, it is found that the heat production rises more 
than can be accounted for on the basis of their heat values. This is 
especially true of protein, less so for carbohydrate and fat. The effect 
lasts for 12 to 18 hours after the food is ingested. It is believed that 
some products formed in the metabolic breakdown of foodstuffs di- 
rectly stimulate the metabolism of cells and extra heat is evolved. 

THE DISPOSITION OF FOODSTUFFS 
IN THE BODY 

The burning of carbohydrate outside the body results in the forma- 
tion of carbon dioxide, water, and the liberation of 4 Calories of heat 
per gram. The end products of fat oxidation are the same except that 
9 Calories of heat are liberated from each gram. Protein oxidation 
results in the formation of some nitrogen-containing products as well 
as carbon dioxide and water and 5 Calories of heat per gram. 

Let us see what happens to these in the body. For direct liberation 
of energy we will not have to consider water, minerals, and vitamins. 
They do not contribute appreciable numbers of Calories directly. They 
do, of course, have much to do with the proper metabolism of the 
energy-yielding and protoplasm-producing foodstuffs. 

THE LIBERATION OF ENERGY 

When a gram of carbohydrate is oxidized completely in the body, 
the same end products result and, as outside the body, 4 Calories of 
heat are liberated. Thus, 

C 6 H 12 °o + 6 °2 -» 6c0 2 + 6H a O -F 4 Cal. of heat 
(glucose) 

A gram of fat similarly oxidized will also yield the same products 
and amount of heat as it does outside the body: 

2C 57 H n0 O 0 -j- 16303 — » ii4C0 2 -J- iioH 2 0 -f- 9 Cal, of heat 
(a common fat) 

Proteins when oxidized in the body are not completely burned. The 
nitrogenous parts of their molecules are first removed and the re- 
mainder (largely consisting of carbon, hydrogen, and oxygen) is then 
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oxidized. Some of the end products of oxidation within the body 
differ from those formed when protein is burned outside the body and 
only 4 Calories of heat result as compared with 5 outside. 

The potential energy stored in the foodstuff molecules is liberated 
by oxidation as chemical energy which can be used as such or subse- 
quently converted to mechanical or electrical energy. All forms of 
energy are eventually turned into heat. 

INTERMEDIARY METABOLISM 

Looking at the equations for the oxidation of glucose and fat, it 
might appear to you that the oxidation of these substances involves 
a direct breakdown to carbon dioxide and water. Such is not the case. 
Actually there are many intermediate steps. These steps require the 
activity of many enzymes which gradually split the glucose and fat 
molecules into smaller and smaller compounds. The energy is thus 
released in batches and not all at once. 

Because of the invaluable catalytic action of the enzymes, the oxida- 
tion of foodstuffs in the body can proceed at much lower temperatures 
than outside the body. 

Enzymes are also responsible for the breakdown of the amino acids 
that result from the digestion of proteins. All of these enzymes are 
those within the cells. Some of the vitamins, especially the B vitamins, 
may act as enzymes or parts of enzymes in these intracellular reactions, 

We are learning quite a bit about these reactions but have a long 
distance to go before we can fill in all the gaps in the story of the 
chemistry of the cell. 

DISPOSITION OF THE FOODSTUFFS 

Carbohydrates are primarily used as fuel substances but all the sugar 
and starch ingested is not immediately oxidized. Some is converted to 
glycogen (animal starch) and stored in the liver and in skeletal muscle. 
Glycogen can easily be changed to glucose and distributed to the 
tissues or organs that need it at any moment. 

Fats are used as a reserve fuel most of the time and are stored in 
depots scattered through the body. There is some fat being oxidized 
at all times and also some being used as part of the structural frame- 
work of the cell (especially for cell membranes). 

Proteins are used to a very small extent as fuel substances. The in- 
gested protein is first broken down into amino acids. Some of these 
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are then synthesized into the new proteins that are characteristic of 
the organism. 

It has also been discovered that both proteins and fats (especially 
proteins) can be made over into carbohydrates. Much of this is accom- 
plished in the liver. Carbohydrates can be converted into fats, but 
neither of these can apparently be turned into protein. So protein must 
be formed from amino acids. 


CHAPTER XV 


Growth 


Growth is a natural result of normal metabolism. But growth in living 
things does not resemble growth in non-living things. A small snowball 
rolling down a snow-covered hillside may end up as a big snowball 
at the bottom of the hill. A microscopic crystal of a solid in solution 
may have other small crystals join it, thus becoming a crystal visible 
to the naked eye. In both of these examples growth is a matter of 
accretion — external addition. 

In living things, the living organism selects materials from its en- 
vironment, breaks them into “building-block” size and quality, and 
then synthesizes from them the materials which are characteristic of 
itself and essential for its survival. 

GROWTH AND REPRODUCTION IN BODY CELLS 

Whether a cell is an Amoeba, a bone cell, a gland cell, or any other 
cell, with the exception of a sex cell, which can grow and reproduce 
itself, the general procedure it follows is much the same in every case. 
As long as it receives the proper nutrient materials and other factors 
maintain it as a normally functioning unit, the cell takes in nutrients 
and fashions them into its protoplasm. This, of course, makes it be- 
come larger. 

Growth continues until a certain critical size is attained. Just what 
it is that makes a cell stop growing is not definitely known. A possible 
explanation is this. In growth the volume of a cell increases at a faster 
rate than its surface area. Since diffusion of nutrients, wastes, and 
gases occurs through the cell membrane at the surface of the cell, there 
may not be enough surface area to provide sufficient diffusion of sub- 
stances into and out of the innermost points of the cellular protoplasm. 

Whatever the reason, it seems to be at this stage of its existence that 
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the cell divides. And the two daughter cells certainly have more surface 
area than the parent cell for the same volume of protoplasm. Repro- 
duction of cells has the advantage of apportioning the work that an 
organ, tissue, etc. must do among 
many units. 

The process by which body cells 
divide, mitosis, involves a fasci- 
nating sequence of events (Fig. 
140). The nuclear membrane dis- 
appears and the nucleus changes 



spindle 


number of smaller bodies, chromo- 
somes. The chromosomes migrate 
to the middle of the cell and there 
each splits longitudinally into two 
exactly equal portions. 

Meanwhile a structure called 
the centrosome has made an ap- 
pearance and split into two equal 
parts. The two parts move to op- 
posite poles of the cell. Now 
“lines” are seen to radiate out 
from each, producing a star-like 
system. The “lines” from each 
centrosome spread to the middle 
of the cell and a spindle is formed 
between them. 

Each of the new chromosomes 
moves along the “lines” of the 
spindle toward a pole. They group 
together at the pole, there now be- 
ing the same number of chromo- 
somes at each pole as there were 
in the nucleus to begin with. A 
nuclear membrane begins to form around each group of chromosomes, 
the “lines” of the spindle disappear, and the cytoplasm begins to pinch 
in two along the equator of the cell. Finally the cytoplasm completes 
its division, the chromosomes form into a compact mass again, and two 
new cells have been formed from the one. 

But what is the significance of these nuclear events? The cells of 
every species have a characteristic number of chromosomes. (Man’s 
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cells have 48 .) Each chromosome is composed of a number of sub- 
microscopic bodies called genes. The genes are the bearers of the 
hereditary characters. The splitting of the chromosomes assures to each 
prospective daughter ceil the same kind and number of genes that the 
parent cell had and, therefore, the same characteristics. 

It seems clear that the nucleus controls the division of the cell. More 
than that, it is necessary for the very life of the cell. A cytoplasmic 
fragment separated from its nucleus will not live, much less divide. 



THE MATURATION OF SEX CELLS 

Before the sex ceils are fully mature they undergo a number of divh 
sions. Most of these divisions are just like the cell divisions of body 
cells, but one of them is singularly different. 
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The immature sperm cells divide by mitosis a few times and then 
undergo what is called a reduction division. This starts out as ordinary 
mitosis does, but, when the chromosomes line up at the equator of the 
cell, they do not split in two. Instead, half their number moves to one 
pole and half to the other pole of the cell. When the cells divide, each 
of the resultant cells has only half the normal complement of chro- 
mosomes. Each of these cells now divides once more, this time by 
mitosis, and four cells with a reduced number of chromosomes are 
thus formed from one with a normal quota. Each of the four undergoes 


polar 

bodies 



Fig. 142— -Maturation of an egg cell. The polar bodies are waste material. 
See text for complete description. 


a change in shape, the nucleus becoming the head and nec\ and the 
cytoplasm the tail of a mature sperm (see Fig. 141). 

The egg cells begin their maturation in the same way as the sperm 
cells. During the reduction division half the chromosomes go to each 
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pole as in the immature sperm cells. When this immature egg divides, 
however, an unequal division of the cytoplasm occurs. One small cell 
with half the chromosomes results and is discarded. The larger cell 
with half the chromosomes divides again, this time by mitosis. Here 
again one small and one large cell result. The small one degenerates 
leaving only the large, mature egg cell (Fig. 142). 

When fertilization occurs, a sperm swims to an egg and penetrates 
it. Only the head and neck enter, the tail being discarded. The head 
and neck of the sperm consist of nuclear material and finally merge 
with the nucleus of the egg. We can now understand the purpose of 
the reduction division in the maturation of the sex cells. The sperm 
and egg cells have only half the number of chromosomes characteristic 
of the species. The union of the two and the merger of their nuclei 
re-establish the normal number of chromosomes. If there were no reduc- 
tion division, the fertilized egg would have twice the normal comple- 
ment of chromosomes. 

REPAIR AND REGENERATION OF TISSUE 

The processes of repair and regeneration of tissues are again ex- 
amples of growth of celts. In general, we think of repair as minor 
restoration of destroyed tissue and of regeneration as the restoration 
of some larger part of an organism. Actually, the two processes are 
very similar and depend not so much on the size of the affected region 
as on the character of the cells composing it. 

The less specialized a tissue is, the greater its powers of regeneration 
and recuperation from injury. Many invertebrates whose cells are much 
less specialized than man’s are capable of seemingly amazing regenera- 
tion of tissue and organs. Some worms when cut in half can grow into 
two new worms; a lobster can replace a lost claw. Even some verte- 
brates show such powers. The glass snake (really a limbless lizard) 
has a very brittle tail which easily breaks. When it does, the tail can 
be completely re-formed in time. 

The more complex an organism is, the more specialized are its tis- 
sues and organs and the less easily they can be replaced. In man 
certain mature tissues are so specialized that they cannot reproduce 
themselves or regenerate when destroyed. We have noted that nerve 
cells are of this kind. If the cell body of a neuron is destroyed, that 
neuron is lost forever — it will not be replaced. The processes of the 
cell can regenerate, but not the cell body. In the case of mature red 
blood cells, which do not regenerate, the question arises as to whether 
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they are really alive. Since they contain no nuclei it is impossible for 
them to regenerate anyway. 

Most of the connective and supporting tissues are of less specialized 
character and can successfully regenerate. In fact, they generally take 
the place of destroyed tissues that are more specialized. Scar tissue is 
connective tissue. Glandular tissue also regenerates easily, a fact which 
often leads to annoying problems in some cases of hyperfunction of 
endocrine glands. 

ABNORMAL TISSUE 

Sometimes tissues which are not useful appear in parts of the body. 
Such abnormal growths are known as tumors, and can appear at any 
place in the body. Some tumors are relatively harmless and are called 
benign or innocent tumors; others are dangerous to life and are known 
as malignant tumors. Benign tumors are generally enclosed in a capsule 
of tissue which prevents their spreading throughout the tissues in 
general. Malignant tumors, of which the various types of cancer are 
examples, are not enclosed in tissue capsules. Their cells tend to in- 
filtrate through tissues and they may travel to various parts of the body. 

The question of the origin of tumor cells is an unsettled one. One 
of the more likely hypotheses is that they are embryonic cells, cells 
which have never reached maturity or become specialized and which 
were not used in the formation of the parts of the adult body. When 
set into activity by some irritating stimulus (the stimulus itself is not 
known), these cells begin to grow and multiply. 

THE NORMAL GROWTH OF THE BODY 

Body growth is the sum of the changes in its various parts, and is 
not something separate. There are, of course, limitations imposed on 
the extent of growth of the body which are not imposed on tissues 
growing outside of the body in a nutritive medium. 

Increase in weight is not always a true index of body growth, for 
deposition of fat can and often does occur without any increase in 
Stature of the body. Most often bone growth is taken as the index, for 
this it is that determines the eventual height, breadth, and width of 
the organism. 

There are two different methods of bone growth in vertebrates. One 
is by the deposition of calcium salts in a connective tissue membrane. 
This is the method by which the jawbone and the top of the skull are 
formed. Most of the bones of the body are first modelled in cartilage 
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which is later replaced by bone. This is the essential method by which 
the long bones grow — and the body along with them. 

In a long bone — like an arm or leg bone — the cartilage in the middie 
of the shaft is first calcified. A bone-forming membrane grows about 
the outside of the bone and bone-forming cells begin to deposit calcium 
around the shaft. Meanwhile the interior of the bone is still composed 
of calcified cartilage. At this time bone-destroying cells invade the 
interior and tunnel through the cartilage and calcium deposits. Bone- 
forming cells follow in their wake and deposit true bone in the walls 
of the cavities formed by the bone-destroying cells. This procedure is 
followed up and down the shaft and also in the ends of the bone. 
Growth of the bone continues, however, for the bone of the shaft is 
separated from the bone in either end by a plate of cartilage. Growth 
hereafter amounts to a pushing of the ends of the bone away from 
each other by the inclusion of new bone tissue at these growth regions. 
Growth of long bones finally stops when the cartilaginous plates are 
calcified. 

Growth of soft tissues also occurs by a multiplication of the number 
of cells in the tissue. It should be recognized that at all times there 
are two antagonistic processes proceeding simultaneously in the tissues. 
On the one hand, cells are continually reproducing (except in places 
like the nervous system) and tending to increase the size of the tissue; 
on the other hand, cells are continually dying or being destroyed and 
being removed from the tissue. During active growth in the young, 
growth overbalances destruction. After growth stops and for most of 
our lifetime, growth and destruction are proceeding at approximately 
equal rates. In old age the equilibrium is shifted in the other direction, 
destruction being in the ascendancy. The latter accounts for the tend- 
ency of old people to shrink both in height and as regards some 
tissues and organs. 

This mobility of tissues applies even to such apparently stable tissues 
as bone. Bone-forming and bone-destroying cells are continually at 
work and a “solid” bone is built up and torn down many times during 
its lifetime. 

THE CONTROL OF GROWTH 

The factors controlling growth are known only in a quite general 
way. The intimate mechanisms by which a particular organ is limited 
to a certain size are unsolved mysteries. 

Healthy growth is regulated both directly and indirectly. The intake 
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of oxygen and proper foods is a primary factor. But ingestion is of no 
value if the processes of digestion, absorption, and distribution of 
essential materials do not cooperate to deliver the right kinds and 
amounts of substances to the cells. 

Hormonal control is another very important factor in the regulation 
of body growth. We have seen that the anterior lobe of the pituitary 
gland secretes a growth hormone which regulates the growth of all the 
tissues. Abnormal amounts of this hormone cause not only changes in 
bone growth but also changes in growth of the various viscera. We 
know that the thyroid hormone influences growth. Its influence is prob- 
ably an indirect one based on its regulation of the oxidative reactions 
in the cells. 

It was thought at first that the pituitary growth hormone might be 
the thyrotropic hormone and thus would influence growth by causing 
thyroid hormone to be secreted. This does not appear likely since 
administration of thyroglobulin to a pituitary dwarf does not result in 
increased growth. 

The sex hormones apparently can influence growth, too. A castrated 
or spayed animal often grows larger. Where this regulation fits into 
the hormonal pattern is obscure. 

As regards bone growth, all of these hormones plus the parathyroid 
hormone and vitamin D are involved. With so many factors concerned, 
the interrelationships are bound to be complex. The complexity only 
increases when we realize that the hormones must work through the 
metabolism of the cell and that the study of this subject is only in its 
infancy. 


CHAPTER XVI 


Body Temperature 


The extent and rate of activity of the great majority of animals is 
determined by the temperature of their environment. These are the 
“cold-blooded” animals whose body temperature fluctuates with and 
is just about the same as the environmental temperature. If the tem- 
perature is cold, their activity is sluggish; if hot, their activity is 
accelerated. Whether they “like” it or not, that is their lot. 

Only birds and mammals — the “warm-blooded” animals— have mech- 
anisms to control their body temperature. Man maintains his body 
temperature at a constant level (about 98.6° F.) whether the weather 
man reports “below zero weather” or “ioo° in the; shade,” Because of 
this constancy of body temperature, man is to that extent independent 
of his environment. His cells can proceed with their tasks with their 
accustomed vigor, for, whatever the temperature without the body, 
their temperature is constant. Under certain rarer conditions this works 
to the disadvantage of the “warm-blooded” organism. Should the in- 
ternal temperature drop some 20° or rise as much as 15 0 , the cells 
could not withstand the change for long. To most cold-blooded animals 
such changes would mean only a shift in their metabolic rate. But these 
changes in birds and mammals occur only when their temperature- 
regulating mechanisms are seriously askew. The possible disadvantage 
is many times outweighed by the almost constant advantage. 

As with so many physiological constants, the constancy of body tem- 
perature is maintained by the interplay of antagonistic processes. Heat 
is continually being produced in the body and must continually be lost. 

HEAT PRODUCTION 

Heat production is the sign of a metabolizing unit and ultimately 
must be traced back to the cells of the organism. 

So long as a cell lives, chemical reactions proceed within it and pro- 
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Auction of heat is an inevitable consequence. Any factor which influ- 
ences the metabolism of a cell will influence its heat production. 

The only adequate mechanism available to us in the control of heat 
production is a change in activity in skeletal muscle. There are no 
mechanisms which are capable of reducing or increasing the metab- 
olism of a sufficient number of other kinds of body cells to influence 
the body temperature appreciably. But the skeletal muscles are the 
greatest source of body heat and their activity can quickly be adapted 
to changing temperature requirements by reflex or voluntary control. 

HEAT LOSS 

The loss of heat from the body is, in the final analysis, the result of 
a number of physical processes. A small amount of heat is lost by 
warming the air we inhale. An even smaller amount is lost in the 
excretion of urine and feces. 

By far the greatest amount of heat loss occurs through the skin. Here 
there are four different processes by which it can occur — radiation, 
convection, conduction, and evaporation. 

Radiation is the emission of energy from a body as rays or waves. 
Any body that is warmer than its environment throws off waves of 
heat. (Hold a thermometer — not a clinical one — near a lighted electric 
bulb and note the temperature rise.) The environmental temperature 
is generally below body temperature so that heat waves radiate from 
the skin through the medium surrounding us. Radiation accounts for 
about 55% of heat loss. 

Convection is the process of transmission of heat by currents of 
matter. Warm air is lighter than cool air and tends to rise. Thus the 
warmed air surrounding the body rises, cooler air rushes in to take 
its place, and currents are set up. The cooler air is warmed in turn 
and the process repeats itself. About 15% of heat loss is accomplished 
by convection currents. You can observe cigarette smoke being carried 
upward by the convection currents set up by a lighted electric light 
bulb. Convection from the skin is greatly influenced by air movements, 
a breeze accelerating heat loss. 

Conduction is the process of heat transference when two bodies at 
different temperatures are in contact with one another. Ordinarily 
conduction is of minor importance in heat loss since air is a very poor 
conductor of heat. When the body is in contact with a cooler body 
such as a cake of ice, heat is lost to the latter. 

Evaporation is the process of heat loss which inspires the oft- 
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repeated, “It’s not the heat, but the humidity!” As water changes from 
a liquid to a vapor (evaporates), it absorbs heat. Thus, the evaporation 
of water on the skin surface helps the body to lose heat. It is not only 
sweat which is evaporated but also water which escapes from the skin 
capillaries and diffuses to the surface. If the air is well-nigh saturated 
with water vapor (if the humidity is high), evaporation becomes very 
limited or impossible. Since at high external temperatures evaporation 
is the only effective method by which the body can lose heat, a hot 
( 120° F.) humid atmosphere cannot be endured for more than a few 
minutes. If the atmosphere is dry, a temperature of well over 200 0 F. 
can be withstood with no increase in body temperature. 

Evaporation of water occurs in the lungs as well as on the skin. Or 
in an animal like the dog which has no sweat glands except on the 
pads of its paws, it occurs from the surface of the tongue. Panting is a 
dog’s mechanism for losing heat when very hot. 

THE REGULATION OF BODY TEMPERATURE 

The mechanisms which regulate the body temperature are for the 
most part nervous reflexes beginning in the temperature receptors of 
the skin. Nerve impulses from these receptors pass into the central 
nervous system and up to the temperature-regulating centers in the 
hypothalamus. From these centers impulses are sent out to the arteri- 
oles of the skin, to the sweat glands of the skin, to the skeletal muscles, 
to the smooth muscles of the skin, or to combinations of these. 

THE RESPONSES TO LOW ENVIRONMENTAL TEMPERATURE 

When the environmental temperature falls well below the tempera- 
ture of the skin, the body will tend to lose heat faster than it can 
produce it. The cold receptors in the skin are stimulated by the drop 
in external temperature and impulses are sent to the heat-raising center 
in the hypothalamus. From this center impulses are relayed to the 
smooth muscle in the arterioles of the skin, causing it to contract. This 
constricts the arterioles and allows less blood to flow through the skin. 
In this way the processes of radiation and conduction are reduced in 
effectiveness since less of the warm blood is giving up heat in this 
region. Fewer impulses are sent to the sweat glands, less sweat is 
secreted, and evaporation is reduced (it is probably not effective at 
low temperatures anyway). If the external temperature is not too low, 
these mechanisms will be adequate to maintain a constant body tem- 
perature by reducing heat loss. 
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If the temperature of the environment drops even lower, the reduc- 
tion in heat loss will not be adequate and an increase in heat pro- 
duction will have to supplement it. The heat-raising center then sends 
impulses to the skeletal muscles and increases their tone. The increased 
contractions result in greater production of heat by* the muscles. If 
this does not prove sufficient, more impulses travel to the muscles and 
greater involuntary contractions result — shivering and chattering of 
the teeth. 

In animals with feathers or a heavy coat of hair, impulses go to the 
smooth muscle of the skin which controls the erection of the hairs or 
feathers. The hairs or feathers are thereby fluffed up and imprison a 
blanket of air which acts as an insulator. This, of course, is an accessory 
mechanism, the contractions of the skeletal muscle being much more 
effective. In man this mechanism still exists but is quite ineffective 
since the hair on the body is not thick enough to hold much of a layer 
of air. It does give rise to the phenomenon of “goose-pimples.” 

We can also aid these processes voluntarily by indulging in vigorous 
activity, wearing heavier clothes, eating more protein-rich foods (to 
increase specific dynamic action — see Chapter on Metabolism), or 
simply by moving to a warmer environment. 

THE RESPONSES TO HIGH ENVIRONMENTAL 
TEMPERATURE 

When the environmental temperature rises above the temperature 
of the skin, an opposite series of events takes place. The heat receptors 
in the skin are stimulated and send impulses to the heat-lowering 
center in the hypothalamus. Impulses are now sent to the smooth 
muscle of the cutaneous arterioles which inhibit their contraction. The 
arterioles dilate, more blood flows through the skin capillaries, and 
heat is given up by radiation and convection. If the temperature is 
high enough, these processes will no longer be able to work. Stimula- 
tion of the sweat glands, greater secretion of sweat, and greater evap- 
oration now occur. 

If it is hot enough outside the body, heat production must be cut 
down. The tone of the skeletal muscles is reflexly reduced and less 
heat is produced. In hot weather we generally are less active volun- 
tarily and tend to eat “lighter” foods, cutting down on proteins. Ex- 
posing as much of the body’s surface as possible also helps by increasing 
the surface area over which evaporation can take place. 

It is interesting to note that the temperature-regulating centers can 
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be activated by the temperature of the blood flowing near them as 
well as by nerve impulses. Thus, a fall in blood temperature activates 
the heat-raising center; a rise, the heat-lowering center. The typical 
effects which result from their stimulation will result even if the ex- 
ternal temperature does not warrant such actions. 

DISTURBANCES IN BODY TEMPERATURE 

The average normal body temperature as measured in the mouth is 
98.6° F. Rectal temperature is about one degree higher. Some indi- 
viduals normally have a temperature a few tenths of a degree higher 
or lower. In all of us, though, there is a daily cycle of temperature vari- 
ation. The peak of the day’s temperature is reached late in the after- 
noon or in the early evening, the low point being in the early morning 
hours. There may be as much as a degree difference between high and 
low points. Those who work at night may show, after some time, a 
reversal of the high and low points. 

During muscular exertion there is a raised body temperature which 
persists for some time after the activity stops. There are other ab- 
normal conditions, though, in which body temperature is shifted up 
or down for longer periods. 

In hypothyroidism and in some pituitary disorders (those in which 
the production of thyroid hormone is curtailed by a deficiency of 
thyrotropic hormone), body temperature is subnormal. The fall in 
body temperature is due to a decreased heat production, more heat 
being lost than produced. This results from the decreased oxidative 
powers of the tissues. In hyperthyroidism the reverse is true for the 
opposite reasons. 

Rises in body temperature are much more common than depressions, 
and are apt to have more serious consequences. Too great an exposure 
to a moist, hot atmosphere can bring on heat strode. In this condition 
the mechanisms regulating heat loss are either unable to cope with the 
increased environmental temperature or, in attempting to do so, 
become exhausted. Body temperature rises and, if not lowered, may 
bring on death due to irreparable damage to the central nervous system. 

Sunstroke is a special form of heat stroke. Besides the inadequacy 
of the mechanisms controlling heat loss there is an absorption of 
radiant energy from the sun and there are local rises in temperature 
above the general body temperature in those regions unprotected from 
the sun’s rays. The brain especially may be heated too much. 

To avoid heat stroke and sunstroke it is best to eat lightly, drink 
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a lot of water, be as inactive as possible, and give evaporation as much 
opportunity to work as is possible. Protection of the head and neck 
against the direct rays of the sun is advisable. 

In fever the body temperature is maintained for some time at a 
higher level. The rise in temperature in fever is, to some extent, due 
to a vicious cycle of events. Fevers are usually associated with an infec- 
tion or infectious disease. The infection “germ” liberates a toxic sub- 
stance which, travelling in the blood, stimulates the heat-raising 
mechanisms of the body. Thus, there is constriction of the blood 
vessels of the skin (the pale skin in early stages of fever) and reduced 
heat loss. This starts the body temperature on a climb and, as it rises, 
the increased temperature speeds up the metabolism of cells and more 
heat is produced. In the early stages the chills which a patient com- 
monly experiences are the result of the constriction of the skin blood 
vessels arid the consequent fall in temperature of the skin. This stim- 
ulates the cold receptors in the skin. 

After the temperature has risen to a certain height, the heat-lowering 
center is stimulated. The cutaneous blood vessels are reflexly dilated, 
blood rushes to the skin (now flushed), and the patient feels very hot. 
But, heat loss can come into play now and the mechanisms for heat 
production and heat loss counterbalance one another again. The tem- 
perature remains raised, however, as long as the toxic substance retains 
a critical concentration in the blood. So, although heat loss balances 
production, the “thermostat” of the body remains set at a higher level. 
When the toxic substance is removed from the blood, the fever drops 
gradually or sharply and temperature returns to normal. 

Fever is not an unmitigated evil. If it goes as high as 108-no 0 , 
it will usually be fatal, it is true. In most cases, however, fever appears 
to be an important aid in combatting disease. Just how it helps is not 
clearly known, but we do know that fevers artificially induced are of 
practical value in treating some diseases. Fever also serves as a warning 
of approaching danger, and attention can thus be focused on the cause 
of the pathological disturbance. 


CHAPTER XVII 
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A great many varieties of movement exist in the animal world. These 
may seem to result from almost as many different kinds of mech- 
anisms. There are, nevertheless, but three main varieties of movement 
possible, each of which may be modified in certain manners. The three 
general types of movement are amoeboid, ciliary, and muscular move- 
ment. 

AMOEBOID MOVEMENT 

The simplest animals move about in their surroundings by streaming 
movements of their protoplasm. We have seen that Amoeba almost 
constantly changes its shape by projecting pseudopods now in this 
direction, now in that (Fig. 4). Such an animal cannot retain a stable 
shape. 

This kind of movement is extremely slow and limited as to vari- 
ability. It serves Amoeba, though, as a method of locomotion and as 
a method of engulfing and “swallowing” its food. This primitive type 
of movement not only occurs in one-celled organisms but is carried 
over to some of the body cells of multicellular animals. 

The neutrophils, the most numerous of the white blood cells in the 
higher animals, retain amoeboid movement as means of locomotion 
and phagocytosis (the engulfing of foreign particles or bacteria by 
means of pseudopod activity). Other cells also retain at least the latter 
property. That is, although they are anchored to other cells at some 
point, they can extend pseudopods and snare cells or cellular debris 
passing near them. 

CILIARY MOVEMENT 

Certain one-celled animals that have a fixed shape are observed to 
have hair-like processes or cilia extending from their cell surfaces. 
Movements of the cilia can propel these animals about in the water 
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in which they live. An animal of this kind is Paramecium (see Fig. 
143). Some one-celled animals instead of being covered with cilia 
have one or several sturdier and longer hair-like processes localized 



at one end or both ends of the cell. These processes are called flagella 
(singular, flagellum). Whip-like lashings of flagella serve to propel 
these animals from place to place. An animal possessing a flagellum is 
seen in Fig. 144. 

The movement of cilia or flagella is oscillatory in nature. It involves 
a rapid beat in one direction and then a gradual return to the resting 



Fig. i 44 — A flagellated one-celled animal. 


position. It is known that a little swelling at the base of each cilium 
or flagellum controls the beating of these processes. How this control 
operates has not been discovered. 

Many-celled animals have some ciliated or flagellated cells. Most of 
these are incapable of locomotion but the sperm cells are examples of 
ones that are motile. The “tails” of sperm cells are flagella and by their 
lashing movements enable sperm to swim about. Of the non-motile 
ciliated cells in man, those lining the trachea and bronchioles are in 
continual activity. The rapid movement of their cilia is in a direction 
away from the lungs. The action of these cilia carries dirt and other 
small foreign particles in that direction. Their action is very efficient 
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in preventing clogging or irritation of the delicate alveoli of the lung, 
The movements of the cilia here are wave-like (Fig. 145), remi- 
niscent of the ripples caused by a breeze in a grassy field. The ciliary 
beats are wonderfully coordinated, apparently by chemical means. 



Fig. 145 — Ciliary action. Note the wave-like movements of the cilia. 


There are other important ciliated cells in man. The “hair” cells, 
the receptors of the cochlea, of the utricle, saccule, and semicircular 
canals are activated by the bending of their cilia. 


MUSCULAR MOVEMENT 

Most of the movements made by animals are based on the contrac- 
tions of muscles. The lowly sponge has cells that are specialized for 
contraction purposes. These effector cells are directly stimulated by 
environmental changes and respond by contracting. Not until nervous 
elements had evolved, however, were very efficient muscular responses 
possible. The earliest muscular responses were slow and uncoordinated, 
but later in evolution they became more rapid and increasingly better 
coordinated as reflex connections and control improved. 

INTERNAL MOVEMENT 

The movements of our viscera, controlled by the autonomic nervous 
system and chemical substances in the blood, resemble the earlier types 
of muscular movement more than do skeletal movements. But though 
they are relatively slow, they are usually well coordinated. 

Movements of the viscera play very important parts in the activities 
of our essential internal organs. The contractions of the heart muscle 
impart movement to the blood. Contractions of the smooth muscle, 
related to, or in the digestive tract serve to carry foo'd along the tract 
and to break it down mechanically, enabling the digestive enzymes to 
fulfill their roles more efficiently. 

Contractions of the diaphragm (it should be remembered that the 
diaphragm is composed of skeletal muscle) are most important in 
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increasing the volume of the thoracic cavity. The smooth muscle con- 
tractions of the blood vessels regulate the speed of flow and distri- 
bution of blood. Peristaltic waves in the ureters aid the movement of 
urine flow from kidneys to the bladder. Uterine contractions propel 
the fetus through the birth canal. 

Most of these movements go unnoticed by us day after day. Yet, if 
it were not for them, the movements we are more familiar with would 
not be possible. 

EXTERNAL MOVEMENT 

Contractions of some of the “external” muscles are responsible for 
some of our internal processes rather directly. For instance, contrac- 
tions of the limb musculature are important factors in the flow of 
venous blood and of lymph; again, contractions of the intercostal 
muscles (along with that of the diaphragm) regulate the volume of 
the chest cavity. 

The movements that catch our eye are usually those involved in 
locomotion of an animal or dexterous manipulation of its parts. The 
laborious movement of a snail, the soaring of a hawk, the lithe leap 
of a panther, the swift strike of a snake, the fingering of a trained 
violinist are but a few of the varied and complicated movements of 
which animals are capable. 

Contraction of skeletal muscle is very rapid, and some movements 
occur faster than the eye can follow them. Sleight of hand makes use 
of this phenomenon. The beating of a humming-bird’s wings as it 
hovers over a flower is a fine example of rapid, precise movement. 
“External” movements enable most animals to track down food, catch 
it and eat it, fight or flee, focus their sound- and sight-perceiving 
organs, etc. How are these movements made possible in man? 

SKELETAL MUSCLE MOVEMENTS IN MAN 

We have already discussed the energy basis and the nervous control 
of muscular contraction. But we have not seen how movements of the 
parts of the body are effected. 

Muscles are attached to parts of the skeleton or the skin by tendons. 
Most muscles are attached to two different bones. When they are, one 
end of the muscle is attached to a bone which remains immovable 
when the muscle contracts. This point of attachment is the origin of 
the muscle (see Fig. 146). Since this is a more fixed attachment than 
the other, the muscle pulls toward this point when it contracts. The 
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other attachment is called the insertion. Contraction of the muscle 
pulls the bone to which it is attached here towards the origin. 

The external muscles of the eye (those which move the eyeball) 
have their origins on the bone of the orbit of the eye and their inser- 
tions in the connective tissue covering the eyeball. There are six muscles 



for each eye, each of which brings about a different movement of the 
eyeball. Either eye can be moved up and down, towards the nose and 
towards the side of the head and can be rotated. Since both eyes gen- 
erally move coordinately, it is to be expected that a complicated but 
delicate controlling mechanism is required to regulate their move- 
ments. 

The facial muscles are attached to the bones of the front of the skull 
at their origins and to the skin of the face at their insertions. Some 
have both origin and insertion on the skin. These are capable of pull- 
ing parts of the skin of the face in various directions and are, therefore, 
responsible for the various facial expressions. 

Some other muscles of the body also have their insertions in the 
skin. The sheet of muscle running from the shoulder blade to the skin 
of the back is such a muscle. It is of more value in animals like the 
horse and cow than it is in man, for this is the muscle responsible 
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for the quivering of the skin that you have probably seen when a fly 
lands on the back of these animals. 

Construction of joints. As just mentioned above, most muscles are 
attached to bone at both ends. Thus, when they contract, a bone is 
moved. The movements that a bone can make depend upon the kind 
of joint or articulation it forms with another bone. The surfaces of 
bones at which they articulate are covered over with a layer of smooth 
hyaline cartilage. When one bone moves against another, this smooth 
covering reduces the friction considerably. Between the two bones is 
a space, the joint cavity, which is lined with a layer of epithelial cells. 
These cells secrete a watery fluid which serves to lubricate the moving 
parts of the joint. If these cells are irritated or inflamed, a greater than 
normal secretion may result and fluid may accumulate in the joint 
cavity (“water on the knee”, for instance). Passing through the cavity 
are ligaments, the dense connective tissue strands which connect bone 
to bone. 

The articulations that bones make with one another in the skeleton 
(Fig. 74) are of three kinds — immovable joints, partially movable 
joints, and freely movable joints. 

Some bones are fused together so firmly that no movements are pos- 
sible. The lines at which they join one another may still be visible and 
look somewhat like the seams made when pieces of cloth are sewed 
together; hence their being called sutures. Joints of this kind are found 
between the bones of the s\ull and between the three fused bones that 
make up the innominate bone of -the pelvic girdle. The fusion of the 
skull bones tightly seals the cranial cavity and protects the brain. The 
solidity of the pelvic girdle produces the firm foundation needed in 
this region to support the weight of the upper part of the body. 

Partially movable joints are especially found between the vertebrae 
of the backbone. Such joints allow one bone to glide over the surface 
of another but not to move freely upon one another. The twisting and 
bending movements of the trunk, especially when the trunk is not 
held straight, are made possible by the sliding of the vertebrae upon 
one another. If the vertebrae should by any chance become fused, we 
should either have to hold ourselves stiff at all times or risk the chance 
of cracking the vertebrae. The small bones in the wrist and ankle 
(car pals and tar sals') also articulate in this fashion. 

The joints that allow bones comparative freedom of movement can 
be classified in three subgroups. One kind allows movement along 
only one axis of rotation. A second permits movement in two axes of 
rotation. The third group allows most freedom of movement— move- 
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ment in all three axes of rotation. The best way to study the joints is 
to try the movements on yourself. 

Joints with one axis of rotation. A joint with only one axis of 
rotation is called a hinge joint. The joint between the femur and tibia, 
the knee joint, is of this type. It allows for flexion and extension of the 
lower leg. The articulation between humerus and ulna in the arm is a 
similar one, allowing for flexion and extension of the lower arm at the 
elbow. Between the first and second, and second and third phalanges 
of the fingers and toes are other hinge joints. 

. Joints with two axes of rotation. A good example of a joint that 
permits rotation along two axes is the articulation of the occipital bone 
of the skull with the atlas, the first vertebra of the neck on which the 
skull rests. This joint allows the movement of the head towards the 
chest and the back (one axis) and towards either shoulder (a second 
axis). Some of us can bend our toes and also spread them. In such 
people the joints between the first phalanges and metatarsals are in this 
category; others can only flex them and so have only a functional hinge 
joint in this region. 

Joints with three axes of rotation. Articulations that allow move- 
ment in many directions are of different kinds. Some restrict action 
somewhat more than others and have been called pivot joints. One 
example of such a joint is that between the humerus and radius of the 
arm which makes possible the turning of the hand to the palm-up or 
palm-down position. Another is the joint formed by the atlas and axis 
(the second vertebra in the neck) which permits the pivotal movement 
of the head. 

The joints which restrict action least of all are those between scapula 
and humerus (shoulder joint) and pelvic girdle and femur (hip joint). 
These are the ball-and-socket joints and allow movement of arms and 
legs in almost every possible direction. 

Other joints also permit considerable freedom of movement. Those 
between the tibia and the tar sals, the ulna and radius and the car pals, 
and die phalanges of the fingers and thumbs and the metacar pals allow 
up-and-down, side-to-side, and rotary movements. 

While the joints permit movement of the bones, it is the contraction 
of the muscles, of course, that is the driving power of such movement. 
Several muscles may be involved in the performance of any one move- 
ment — some contracting and some relaxing. The interplay between co- 
operating and antagonistic muscles is responsible for the fine grada- 
tions and niceties of movement that are characteristic of the actions 
of man and of many of the higher animals. 
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Exercise 


In preceding chapters we have mentioned the effects of exercise on 
many of the organs and activities of the various systems. Let us try 
to get a more complete picture of what happens inside the body when 
we exercise. 

WHAT HAPPENS IN MODERATE EXERCISE 

With the beginning of moderate exercise (housework, walking at 
moderate speed, etc.), the skeletal muscles become more active than 
before. A series of events occurs which results in a greater flow of 
blood carrying an increased supply of oxygen and fuel to the active 
muscles. As muscle activity increases, muscle metabolism does like- 
wise. The increased metabolism means greater heat production and 
an increased temperature of the muscles themselves. The warming 
of the muscles lowers their viscosity and increases the efficiency of the 
work they perform. Body temperature probably will not rise much, 
if at all, except, perhaps, for a very short period at the onset of activity. 
The warmed blood leaving the muscles will shortly reach the heat- 
lowering center in the hypothalamus. Reflex dilation of skin vessels will 
allow more heat loss by radiation, balancing the increased heat pro- 
duction. 

The increased muscle metabolism will also mean a greater output 
of carbon dioxide — resulting from increased oxidation of glucose. In- 
creased amounts of carbon dioxide will diffuse into the smaller blood 
vessels of the muscles and, once there, will directly cause the smooth 
muscle fibers in the walls of these vessels to relax. Their consequent 
dilation will allow more blood to flow more quickly through the skele- 
tal muscles. 

The increased amount of carbon dioxide in the blood will not only 
exert local action but will, in its travels, help to coordinate the general 
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responses of the circulatory and respiratory systems to the demands 
placed upon them. Upon reaching the heart, the carbon dioxide directly 
stimulates the cardiac muscle to stronger contractions. The more force- 
ful beat of this muscle will result in an increased output of blood per 
beat. 

The increased carbon dioxide concentration in the blood flowing 
through the medulla of the brain directly stimulates the vasoconstric- 
tor and respiratory centers. The latter responds by an increase in the 
frequency of the impulses it rhythmically discharges. The greater num- 
ber of impulses which eventually reach the diaphragm and intercostal 
muscles (via the phrenic and intercostal nerves respectively) induce, 
stronger than usual contractions. Breathing thus becomes deeper. 

Stimulation of the vasoconstrictor center sends impulses along vaso- 
constrictor nerves to the arterioles of the abdominal cavity. Constric- 
tion of the many arterioles in this region significantly increases the 
peripheral resistance and the general arterial blood pressure rises. 
Constriction of these blood vessels also serves to shunt blood from the 
abdominal organs to the skeletal muscles (whose vessels are dilated). 

Other factors are cooperating to increase the return of blood to the 
heart, the force of the heart beat, the cardiac output, and the blood 
pressure. The increased number and force of skeletal muscle contrac- 
tions squeeze down upon the veins more vigorously and thus help to 
“pump” blood back to the heart more quickly. The respiratory “pump” 
also aids in this. Deeper breathing means greater fluctuations of the 
pressures within the thoracic and abdominal cavities. The alternating 
expansions and compressions of the large veins in these cavities will 
be increased in force and more blood will be forced onward to the 
heart. 

The increased return of blood to the heart stretches the heart 
muscle, increasing its force of contraction and, thereby, its output per 
beat. The stretch of the great veins and the wall of the right auricle at 
their place of entrance serves another function, too. The stretch stimu- 
lates receptors located in the walls of the veins and heart, and the 
Bainbridge reflex is initiated. Via the cardio-acceleratory center and the 
accelerator nerves, the heart rate is quickened. The faster heart rate 
plus the stronger contractions of the cardiac muscle increase the 
cardiac output per minute and this, in turn, aids in producing the 
rise in blood pressure. (See also Chapter IV.) 

The increase in depth of breathing meanwhile tends to increase the 
rate of breathing. The greater stretch of the lung walls at each inspira- 
tion stimulates receptors in the wall more strongly; more impulses pass 
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up afferent fibers o£ the vagus nerve to the respiratory center which 
is inhibited more quickly then than during restful breathing. Cutting 
inspiration short accelerates the respiratory cycle. 

Faster and deeper breathing ventilates the lungs more thoroughly. 
A greater amount of carbon dioxide is thus removed in the expired 
air, which prevents its concentration from rising too high in the blood 
(too much carbon dioxide can increase the acidity of the blood to a 
dangerous extent). The blood will contain no more oxygen than before, 
because, as you will recall, the blood is almost saturated with it during 
restful breathing. But, since the circulation time of the blood is de- 
creased, more oxygen does enter the blood each minute than before 
exercise began. 

The mechanisms we have just reviewed ensure more blood getting 
to the skeletal muscles faster and at a greater pressure. Because of the 
more rapid circulation more oxygen is brought to the muscles per 
minute and more carbon dioxide removed. What of the glucose supply? 

The active muscles, of course, oxidize more glucose and do it more 
rapidly than before because of the increased temperature in them. This 
tends to deplete the blood sugar concentration. Since the sugar in the 
blood is in equilibrium with the glycogen in the liver, a fall in blood 
sugar concentration causes more glycogen to break down into glucose 
which is released into the blood. As the muscles drain more glucose 
from the blood, more is poured into it from the liver. Some of the 
lactic acid formed in the breakdown of glucose also gets into the blood, 
is carried to the liver, and is there converted to glycogen. There is an 
adequate mechanism, then, for supplying fuel to the muscle. 

In moderate exercise the oxygen supply can keep pace with the 
oxygen used and no oxygen debt results. The only residual effects 
will be a depletion of the carbohydrate reserves and a need for more 
protein to be used in rebuilding the cells that broke down in activity. 

WHAT HAPPENS IN STRENUOUS EXERCISE 

As we prepare to take strenuous exercise, there usually is a mental 
and emotional “warming up.” The memories and emotions caused by 
previous experiences, especially if the exercise involves competition 
of one sort or another, stir up the nervous system to an increased 
“tone.” This helps to ready the body for the demands soon to be 
placed upon it. The subjective feelings may induce autonomic effects, 
particularly those mediated by the orthosympathetic division, and a 
quickened pulse, faster breathing, and dilation of the pupils are not 
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uncommon at times like this. The keying up of the mind and body aid 
in making the transition from inactivity to activity a more gradual 
one and one less apt to inflict a sudden strain upon our capacities. 

The many changes described above for moderate exercise take place 
in strenuous exercise, too. You might imagine there would be even 
more, but where differences occur, they are mainly differences in degree 
rather than in kind. The heart rate is faster, blood pressure higher, 
respiration faster and deeper, and circulation time more rapid than in 
moderate exercise. 

The heat production, too, is more greatly increased in strenuous 
exercise. In this condition, though, the body temperature is not main- 
tained at its usual level. The heat production becomes too great for 
the heat loss mechanisms to counterbalance it, even though sweating 
may be profuse. Body temperature rises and is then stabilized at a new, 
higher level for the duration of the exercise and some time after- 
wards. 

Adrenaline may be released from the adrenal medulla and aid in the 
respiratory and circulatory changes. It would also favor the release 
of glucose from liver glycogen and delay fatigue of skeletal muscles. 

The greatest limiting factor for the maintenance of severe exertion 
is the oxygen supply. Even though the spleen is stimulated to contract 
and discharge red blood cells into the blood (which increases the 
oxygen capacity of the blood), the intake of oxygen cannot meet the 
muscular demands for it. Consequently lactic acid accumulates in 
muscle and in blood. Without sufficient oxygen to reconvert it to 
glycogen, the concentration gradually increases and fatigue sets in. 
There is a limit to the size of the oxygen debt that an individual can 
incur and, when this limit is reached, the exercise must stop. 

After the completion of the exercise respiration continues to be 
more rapid and deep than usual until the debt is paid off. 

MUSCULAR EFFICIENCY IN EXERCISE 

There are certain ways of doing things that are more efficient than 
others, ways that waste the least amount of energy possible. We can 
define the efficiency of any machine or organism doing work as the 
proportion of useful wor\ done to the total energy used in the opera- 
tion. 

As you might expect, neither muscle nor machine is ever too per cent 
efficient. But, muscle compares very favorably to even the best of man- 
made machines in this respect. Steam engines have a range of effi- 
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ciency from 7V2 to 19%, gas engines from 14 to 28%, and Diesel en- 
gines from 29 to 35%. The human body (especially its muscles, of 
course) is from 0 to 25% efficient. 

The usual and best all-round method for measuring efficiency is 
to have the subject breathe in air from the atmosphere and to expire 
it into a portable bag during the time he is doing work. A set of 
valves in the tubing connecting the mouthpiece with the bag allows 
for this method of breathing and collection. After the test period, the 
gas volume is measured and its contents are analyzed for the respira- 
tory gases. It can then be calculated that a certain amount of oxygen 
was consumed. It is known that oxidation involving a unit of oxygen 
can perform a definite amount of work. The oxygen consumed can 
thus be converted into units of work. Dividing this value into the work 
done, which is measured directly, we arrive at the efficiency. 

What factors modify or influence the efficiency of a muscular act? 
There are five important ones — the initial stretch of the muscles, tem- 
perature, the viscosity of the muscles, the speed of performance, and 
fatigue. 

We have already noted that stretching a muscle before it contracts 
enables it to contract more forcibly. A stretched muscle can, therefore, 
perform more work than one only normally relaxed. We can prove 
this point rather simply with an isolated muscle preparation. Stimulat- 
ing such;a muscle loaded with progressively heavier weights, we record 
theisuccessive heights of contraction. We find that the heights decrease 
as the load increases in weight (Fig. 147). But, when we measure the 
work done (work here being equivalent to the weight lifted times the 
distance lifted), we discover that more work was done in lifting mod- 
erately heavy weights than in lifting lighter or heavier ones. Thus, 
moderately loading a muscle is the most efficient way of getting the 
most work done. When not stretched enough, the muscle is not very 
efficient; when stretched too much (beyond the limits of its elasticity), 
its efficiency is impaired. The windup a baseball pitcher makes before 
he throws may serve to stretch muscles and make them more efficient. 

A rise in temperature speeds metabolic processes. Since muscular 
contraction depends upon chemical reactions, it is quickened in all 
phases by an increased temperature. All phases of the contraction 
process are accelerated — the latent period shortens, both the rapidity 
and effectiveness of contraction are increased, the relaxation period 
is especially shortened, and the recovery period is also decreased in 
duration. The benefits of “warming up” for athletic events are mainly 
due to the increased temperature in the muscles. 
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By viscosity is meant internal friction, the friction resulting when 
molecules rub against one another. The viscous fluid part of muscle 
protoplasm rubs against the framework of the muscle fiber during con- 
traction and retards the contraction process. Part of the energy devel- 



Fig. 147— -The heights to which a muscle contracts when weighted with pro- 
gressively heavier loads and the work done by such contractions. 


oped during contraction must be used in overcoming this internal 
resistance. Viscosity thus decreases efficiency. It has been shown that 
when a muscle contracts slowly less energy is required to perform a 
given amount of work than when it contracts rapidly. The greater the 
rapidity of contraction, the faster the fluid protoplasm flows through 
the structural framework of the muscle fiber and the more friction 
develops. Although viscosity is wasteful of efficiency, it is really an 
inherent factor of safety. It acts as a brake to prevent muscles from 
responding so fast as to tear themselves apart. 
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From what we have just said about viscosity it must be apparent 
that there is some optimal speed of muscular contraction which is most 
efficient. Too great a speed of contraction results in little work because 
of increased internal friction and Consequent lowered efficiency. Too 
slow a speed, on the other hand, although it permits a large amount 
of work to be done, results in the expenditure of much energy in main- 
taining the contracted state; efficiency again is low. A moderate speed 
of performance is, therefore, most efficient. From the standpoint of 
efficiency, walking at a rate of 2 % to 3 miles an hour (depending upon 
the individual) is more advantageous than faster or slower rates. In 
fact, for all types of work there is a moderate speed of performance 
which is most efficient. If, however, speed of performance is the only 
criterion which matters, then there is no most efficient rate. In running 
a 100-yard dash, for instance, speed is all important and efficiency can- 
not be considered. 

It is rather obvious that the more fatigued a muscle is, the less effi- 
cient it will be. This is largely a matter of how much of an oxygen debt 
can be built up by an individual. It depends not only on the character 
of his muscles but also on the development of his circulatory and 
respiratory mechanisms. 

From almost every standpoint we are led to the conclusion that 
moderation in activity is a good principle to follow. Unless you are 
trying to set a new speed record, moderate activity is more efficient, 
for it wastes less energy and gets more work done. It is now being 
recognized that driving a man at his work to the point of exhaustion 
is not practical with .regard to the health of the individual nor with 
respect to getting more and better work done. 

THE EFFECTS OF TRAINING 

You know from your own experience and observation that a trained 
individual is generally more efficient in the performance of his spe- 
cialty than an untrained one. How does training influence efficiency? 

In training for muscular performance an individual builds up his 
muscles to a larger bulk. This is accomplished by an increase in the 
size of the individual fibers rather than by an increase in the number 
of fibers. The larger muscles are capable of doing more work. 

Many of the. benefits of physical training are due to the changes 
brought about in the circulatory and respiratory systems. The heart 
of a trained individual is somewhat larger than that of an untrained 
one. The trained heart can beat more forcibly than the untrained and 
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generally beats at a slower rate for the same amount of activity. This 
is a more efficient way of increasing the cardiac output than by depend- 
ing to a greater degree on an increased rate. Respiratory effects are 
somewhat similar — the trained individual breathes more deeply and 
less rapidly than the untrained. The increase in vital capacity that 
results makes for a greater and more economical ventilation of the 
lungs. 

The greater efficiency of circulatory and respiratory systems enables 
oxygen to be transported to active muscles more rapidly and wastes 
to be removed more quickly. With regard to oxygen debt, the increased 
efficiency means that for a given amount of work a smaller oxygen debt 
will be incurred — more lactic acid will be oxidized and reconverted to 
glycogen during activity than in the untrained subject. It also means 
that a greater oxygen debt can be established, so that the trained person 
can work harder and longer without fatiguing. He will also be able 
to recover more quickly from the effects of exertion than the untrained 
person. 

Much of the increased efficiency is due to the increase in coordina- 
tion and sureness of performance that training develops. These effects 
depend upon the central nervous system. Repetition of acts makes 
them more and more reflex in nature (conditioned reflexes are implied 
here) and that in itself improves their coordination. The untrained 
subject will stumble, both mentally and physically, more often than 
the trained. The increased confidence that better performance brings 
with it, plus the increased coordination, will result in economical and 
efficient activity. 

Though not all of us have the desire to emulate the prowess of the 
trained athlete, we can, knowing that it is largely a matter of training, 
increase our own efficiency for the perhaps less-strenuous tasks we 
have to do. Moderate and consistent exercise, aside from making us 
feel better, can help our bodies to become more adequate for the de- 
I mands placed upon them. 


CHAPTER XIX 


Fatigue, Rest, and Sleep 


The interrelated phenomena of fatigue and rest are of great interest and 
importance. Man has pondered over them ever since ancient times, 
yet certain questions still remain enigmatic. We can partially under- 
stand bow a particular organ or system should fatigue. But why should 
we require rest even after all the nutrients necessary for recovery of 
the parts of the body have been supplied? Why can’t we go without 
sleep for more than a few days? Why do some individuals need more 
sleep than others? What brings on sleep? To some of these questions 
we have only vague answers while for others we have at least partial 
answers. 

FATIGUE 

Almost any part of an animal organism will fatigue if its activity 
is prolonged. How long it will take for fatigue to occur will depend 
on the special characteristics of the tissues involved, how well they are 
supplied with oxygen and other necessary nutrients by the blood, how 
quickly the waste products of their metabolism are removed, how 
much of a store of fuel substances they have, and the physicochemical 
state of their immediate environment. In other words, the maintenance 
of activity and delay of fatigue are dependent upon the physiological 
fitness of the tissues themselves and of the body in general. 

Fatigue has a very definite value for the tissues and for us. It pre- 
vents us from continuing activity to the point of excessive breakdown 
of tissue, tissue which may or may not be replaceable. We find, there- 
fore, that the more valuable tissues either fatigue very quickly from 
repeated activity or possess inherent mechanisms of various sorts 
which largely prevent fatigue from occurring over a wide range of 
circumstances. 

In ceneral, the tissues that have high metabolic rates fatigue most 
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quickly. Thus, the central nervous system fatigues very rapidly when 
made to work excessively. Nerve, muscle, and the outlying portions 
of the autonomic nervous system fatigue more slowly if at all. 

We have most information about fatigue of skeletal muscle. There 
it definitely seems to be caused by the accumulation of metabolic 
waste products such as lactic acid. Too high a concentration of lactic 
acid depresses the irritability and contractility of muscle and may 
abolish both. With a decrease in the concentration, muscle becomes 
irritable and contractile once more. We know, too, that lactic acid 
accumulates because of an insufficiency of oxygen. If the oxygen sup- 
ply keeps pace with the production of lactic acid there is no building 
up of lactic acid concentration. Part of the acid formed is oxidized 
and the resultant energy is used to convert the remainder to glycogen. 

How an increased lactic acid concentration depresses or abolishes 
contractile activity is, at present, an unanswered question. We just do 
not know enough of the cellular metabolism in muscle to give a good 
reason. This same incompleteness of knowledge prevents us from 
understanding fatigue in other organs and tissues. 

It may be that lactic acid released from active muscles is carried 
in the blood to other organs and brings on fatigue of them, too. 
Cardiac muscle is also depressed by too great an increase in lactic acid 
concentration. Of course, cardiac muscle produces lactic acid in its own 
metabolic activity and, when skeletal muscle is more active, the heart 
is also. Enough lactic acid may, therefore, be produced locally in the 
heart muscle to account for depression. But lactic acid and other 
metabolic acids (of which there are many) may affect the irritability 
of central nervous tissue sufficiently to fatigue it. 

The heart, as we know, is not easily subject to fatigue because of its 
long refractory period. The latter gives it enough of a respite between 
contractions to forestall the rapid onset of fatigue by permitting the 
constructive metabolic processes to balance the destructive ones. Nerve 
is relatively indefatigable because of its refractory period. Even though 
it is brief, the refractory period allows enough time for processes of 
repair and recovery to maintain nerve in an irritable state. 

We have also noted that some part of the reflex arc has no refrac- 
tory period. Continued elicitation of a reflex response can, then, easily 
fatigue that part. What part is most subject to fatigue is not definitely 
known. It is true that in regions where synapses are plentiful fatigue 
occurs most easily. But whether it is the synapse or the cell body next 
to it cannot be decided. 

Other non-irritable tissues can fatigue. We usually think of these as 
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being exhausted by too great usage. For instance, a gland can be made 
to stop secreting by stimulating it to a prolonged period of activity. 
Or, the red bone marrow may stop producing red blood cells when 
overworked. In cases like these, the cause of exhaustion is partly due 
to reduced or completely depleted supplies for the elaboration of the 
particular product that the tissue produces. There may be, and prob- 
ably are, other metabolic effects that contribute to the condition. 

What produces the feeling of weariness after strenuous activity is 
another unsolved problem. The impact of the change in bodily condi- 
tions upon the nervous system undoubtedly is an important factor. 
Emotional and purely mental processes can decidedly influence the 
condition for better or for worse. 

REST AND SLEEP 

When we are tired, we have an urge to sleep or, at least, rest. There 
is definite survival value in rest and sleep. Without them we cannot 
go on for very long. Animals have been known to die after fourteen 
or more days of sleeplessness. Examination of the brains of these ani- 
mals revealed shrinkage and other changes in neurons of the cerebral 
cortex. 

How long human beings can remain awake without suffering fatal 
effects is not known. Self-inflicted wakefulness for nearly five days has 
been carried out by some scientists. They found it extremely difficult 
to remain awake after the first few days, the only possible means being 
to keep some muscles active. There were evidences of increasing neuro- 
muscular fatigue, as we should expect. Tempers became sharp, and 
subjects were annoyed and irritated by trifling incidents. Otherwise 
there did not appear to be any ill effects. 

Short periods of rest definitely allow for the recuperation of fa- 
tigued tissues. But why is it necessary that we sleep as long as most 
of us find it necessary to do? If it is merely for the sake of replenish- 
ing vigor and recovering from the breakdown processes that go on 
during wakefulness, we should expect to rise from sleep very much 
refreshed and able to work at maximal capacity. Yet experiments have 
shown that maximal performance of skilled tasks does not occur just 
after rising but much later in the day (in the afternoon for a person 
sleeping at night and rising fairly early in the morning). 

Another perplexing aspect is that sleep does not necessarily follow 
only after fatigue. We can fall asleep when not at all fatigued. Is there 
any value in such sleep? In an attempt to gain a better understanding 
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of the problems that the sleep process brings to light, let us examine 
some of the things that occur during sleep and some of the theories 
proposed as explanations. 

CHANGES DURING SLEEP 

During sleep many of the body’s activities are reduced to their low- 
est levels. The heart rate slows, the blood pressure drops, and respira- 
tion becomes slower and more irregular. The metabolic rate is lower 
than at any other time principally because muscle tone is also at its 
lowest level. Along with this there is usually a slight fall in body 
temperature and some depression of the heat-regulating mechanisms. 

The thresholds for receptors are raised and stronger stimuli are 
needed to arouse sensations and most reflexes. Some of the enterocep- 
tiye reflexes, such as the circulatory ones, are actually elicited more 
easily. 

Tear and salivary secretions are decreased, but sweat secretion is 
increased considerably. The secretion of gastric juice is not changed 
greatly. Stomach contractions and digestion continue normally. 

The depth of sleep varies considerably, generally being deepest 
toward the end of the first hour. It lightens after that — quickly at first, 
gradually later— until waking time. In deep sleep no dreams occur 
and movements are at a minimum. Dreams occur most often just 
before waking and, if they are exciting (nightmares, etc.), may result 
in changes opposite to those usually occurring in sleep — -fast heart 
rate, high blood pressure, accelerated respiration, inhibition of gastric 
motility, etc. 

THEORIES OF SLEEP 

Since the time of the ancient Greeks men have speculated as to the 
nature of sleep. Some of the proposed theories are fantastic, others are 
based on incomplete evidence. Some are plausible, but only one is a 
comprehensive attempt to arrange as many of the known facts as pos- 
sible into a scheme that gives promise of future confirmation. 

According to one theory, sleep was due to fatigue of the vasocon- 
strictor center, vasodilation of the skin vessels resulting. This diverted 
blood from the brain, and the decrease in cerebral blood flow initiated 
sleep. Subsequently, however, it was shown that blood flow to the 
brain is not decreased in sleep. 

A group of theories have centered about the production of chemical 
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substances which induced sleep. Some believed fatigue products like 
lactic acid were responsible. The accumulation of these substances 
during the activity of the day gradually built up their concentration 
in the blood to the point at which they induced loss of consciousness 
and sleep. But serious objections to such theories have been raised- — 
sleep can occur without preceding fatigue or may not occur even 
though considerable fatigue has developed. 

It has been known that lesions in the hypothalamus of man often 
result in excessive sleep in patients so affected. Stimulation of a region 
of the hypothalamus was tried and claims reported that sleep was in- 
duced in experimental animals by this procedure. Later work showed 
that, although there was a center in the hypothalamus concerned with 
sleep and wakefulness, it was not a sleep center. That is, stimulation 
of this center did not cause sleep. Destruction of the center brought 
on bouts of prolonged sleep. The center is more correctly, then, a 
waking center. We shall shortly see the possible significance of this 
center. 

The eminent Russian physiologist, Pavlov, as the result of his work 
on conditioned reflexes, formulated the theory that sleep is the result of 
an inhibitory conditioned reflex. Repeated monotonous stimulation set 
up an inhibitory conditioned reflex, and the inhibition of activity of a 
part of the cerebral cortex spread to the rest of the cerebral cortex and 
to the rest of the brain. Although there are points in favor of this 
theory, it does not account for the important fact that sleep can and 
does occur in the absence of the cerebral cortex. A dog deprived of its 
cerebral cortex will sleep most of the day, in fact. 

Certainly the cerebral cortex is involved in the sleep question, for 
sleep involves the loss of consciousness and, therefore, of cortical activ- 
ity. It also seems definite that the hypothalamus is concerned. The 
theory proposed by Dr. Kleitman, of the University of Chicago, at- 
tempts to show the interrelationships of these levels of the nervous 
system in the production of sleep. 

According to Kleitman, sleep begins when the number of afferent 
impulses reaching the cerebral cortex is very much decreased. We 
know, for instance, that lying down in a dark, quiet room is very 
conducive to sleep. Under these circumstances visual and auditory im- 
pulses would be reduced to a minimum. But especially important is 
the reduction in proprioceptive impulses from the muscles. Whenever 
muscles have any important degree of tone (or are active), a continu- 
ous flow of nerve impulses proceeds from them to the cerebral cortex. 
When we lie down, or even sit down, there is considerable relaxation 
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of muscles and proprioceptive impulses are reduced in number. Further 
substantiation of the special importance of this kind of impulse is de- 
rived from experiments on maintained wakefulness in man. The only 
thing that could definitely forestall sleep was to keep muscles active. 

The sensory impulses reaching the cortex activate it. In turn the 
cortex sends impulses to the waking center in the hypothalamus. As 
long as cortical impulses are sent to this center, wakefulness persists. 
Although it is usually impulses from the cerebral cortex that maintain 
the activity of the waking center, afferent impulses from other regions 
can at times activate it also. These latter impulses must be of an urgent 
nature, denoting hunger, thirst, pain, a desire to urinate, etc. 

There is an evolutionary aspect to Kleitman’s theory. He claims that 
sleep, rather than wakefulness, may be the “natural” state. If we think 
back to the animals lower than man, we note that most of them sleep 
a good part of each day. They do not, however, have one long period 
of sleep and remain awake for the rest of the day. Instead they have 
shorter and numerous periods of sleep scattered throughout the day. 
In an animal like the rabbit, periods of wakefulness are devoted to 
satisfying basic needs and desires such as hunger, thirst, excretion of 
wastes, sexual instincts, and so on. Apparently a rabbit is kept awake 
only by very urgent sensations or emotions. The type of wakefulness 
produced in this manner Kleitman calls “wakefulness of necessity.” 

As the cerebral cortex develops to a greater extent in somewhat 
higher mammals, another type of wakefulness is introduced — “wake- 
fulness of choice.” Such animals take a greater interest in their environ- 
ment and indulge in other forms of activity than satisfying their basic 
desires. They learn to play, for instance, among other things. Rats and 
mice, dogs and cats are examples of such animals. Although they still 
sleep several times during a day, the proportion of wakefulness to sleep 
increases. 

In still higher animals— -monkeys, apes, and finally man— wakeful- 
ness of choice becomes increasingly important. The development of 
the mental processes gives them the opportunity to do many more 
things than satisfying desires and needs. In man this culminates in 
spending most of the day awake and having one main sleeping period. 

The diurnal sleep rhythm in man is established as the result of con- 
ditioning. Children are taught, as they grow older, to sleep at night. 
They are put to bed at a certain time; the room is darkened and made 
quiet. With repetition, the approach of the hour of usual retirement 
induces a feeling of sleepiness. A conditioned reflex is established. 

As confirmation of this evolutionary viewpoint we find that a dog 
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without cerebral cortices reverts to a more primitive state with respect 
to sleep. It sleeps most o£ the day, only waking when it needs to urinate 
or is hungry, etc. Also, the human infant (whose cerebral cortex does 
not function very well at birth) sleeps the greater portion of the day 
and has many sleep periods which have no relation to day or night. 
Through conditioning the infant is taught to sleep more and more at 
night. The diurnal sleep rhythm is gradually developed. 

Kleitman’s theory can help us to explain other puzzling problems 
of sleep. Conditions of boredom or monotony induce sleep easily, as 
we know. This occurs because the impulses coming into the cerebral 
cortex are all of approximately the same quality and intensity. The 
activity of the cortex depends upon its receiving an assortment of in- 
coming impulses. The dulling effect of similar stimuli causes us to lose 
interest in our surroundings and fewer impulses are sent to the wak- 
ing center. We fall asleep. 

In an opposite instance, our muscles may be quite fatigued at the 
end of a hard day’s work but, for one reason or another, our cortices 
are stimulated. In such a case we have difficulty in falling asleep or 
can keep awake by choice. 

Kleitman’s theory is still a theory and has not been proved. It does 
seem to have much in its favor, however, and should lead to further 
experimentation. In time, then, we may learn the complete answer to 
a problem that has bewildered man for so many centuries. 


CHAPTER XX 


Coordination of Bodily Functions 


If there were no mechanisms for the interaction and coordination of 
activities, an organism would be at most an extremely loose union of 
almost independent parts and probably could not exist. One aspect of 
evolution has been the ever-increasing efficiency of coordinating agen- 
cies in the life processes of an animal. The higher animals are, there- 
fore, more closely knit organisms, better equipped for survival as indi- 
viduals and presumably able to get more out of life than their lowly 
predecessors. 

There have been many instances in preceding chapters in which we 
have noted the coordinating influences of the nervous system, the endo- 
crine glands, and chemicals other than hormones. There is, in fact, 
no system or activity of our bodies that is not affected by at least one, 
and probably more, of these coordinating agencies. 

The interplay of various factors modifies the rate at which the food 
we eat is digested, the speed with which it is made directly useful to 
the body, the efficiency with which its wastes are removed. The body 
is a delicate mechanism made up of many physiological balances and 
counter balances; the active equilibrium of its many parts must be 
maintained for effective functioning. 

Cells must have their proper supply of nutrients and be able to 
make use of them. So, out of the many substances found in the body, 
just the right environment must be created and maintained. 

COORDINATION OF FOODSTUFF METABOLISM 
AND BALANCE 

The general metabolic rate will, of course, influence the metabolism 
of the individual foodstuffs. And conversely, the metabolism of the 
foodstuffs will influence the general metabolic rate — how much of the 
foodstuffs is being burned at any given moment will determine to a 
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large extent at what level the metabolic rate will stand. In other words, [ 

nutrition of the individual and the extent of his activity play impor- ! 

tant roles in the regulation of metabolism. 

But other factors within the body act as coordinating influences. The | 

thyroid hormone controls the rate of oxidation of substances in the !; 

cells of the entire body. And the secretion of that hormone is controlled 
by the elaboration of the thyrotropic hormone of the anterior lobe T 

of the pituitary gland. 1 

Carbohydrate balance. Once carbohydrates have been digested into | 

simple sugars and absorbed as such, a number of checks and balances i 

contrive to maintain a constant level of sugar in the blood. Carbo- | 

hydrate is not stored in the body as sugar but rather as glycogen to | 

which sugar is readily converted and vice versa. The main reserves of 1 

this compound sugar are found in the liver and in muscles. Starting 
from the liver, glycogen is broken down to glucose which is released 
into the blood. Glucose travels to muscle where it is reconverted to 
glycogen, for it is only in that form that the oxidation of carbohy- 
drate can begin in muscle. Breakdown of glycogen in muscle produces 
lactic acid. Some of the latter is oxidized but most of it is poured into , 

the blood. When it reaches the liver, lactic acid is changed over to | 

glycogen. The cycle is then ready to begin anew. The control of how j 

much sugar is released from the liver, returned to the liver, stored j 

as glycogen, or oxidized by the tissues is the function of a variety of .[i 

endocrine and nervous factors. As the result of this control the level 
of blood sugar is kept approximately constant. 

Insulin, the pancreatic hormone, very possibly maintains at proper 
levels the store of glycogen in the muscles and aids in the oxidation of 
glucose in the normal animal. Insulin deficiency results in a high blood 
sugar due to three possible causes — an abnormally increased formation j 

of liver glycogen and conversion to glucose, a decreased storing of j 

glucose as muscle glycogen, and a decreased oxidation of sugar by the 
tissues. .1 

It has been found that removal of the anterior lobe of the pituitary ; 

relieves the symptoms of diabetic animals and enables them to survive j 

for long periods without the administration of insulin. It was also 
discovered that injection of anterior lobe extract could induce a marked 
diabetic condition in normal animals. Its action was due to the fact 
that it caused degeneration of the islets of Langerhans in the pancreas 
and deficiency of insulin secretion. Thus a pituitary hormone serves 
to check the amount of insulin secreted. Another pituitary effect is to 
aid the storage of glycogen in muscle and, in this case, work with 
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insulin. Still another effect of anterior lobe hormone is to favor the 
extra deposition of glycogen in the liver and thus again oppose the 
action of insulin. 

This effect, however, works through the adrenal cortex; a pituitary 
hormone stimulates the secretion of a cortical hormone which furthers 
the deposition of glycogen. Removal of the adrenal glands in a diabetic 
animal can relieve the symptoms of diabetes. This has been found due 
to the removal of an adrenal cortical hormone which under ordinary 
circumstances favors the maintenance of glycogen stores in the normal 
animal. Adrenaline, the hormone of the adrenal medulla, also helps to 
regulate carbohydrate metabolism. When adrenaline is released it 
causes the mobilization of glycogen from the liver with subsequent 
release of glucose into the blood. The thyroid hormone favors the pro- 
duction of glycogen in the liver. 

Thus, there are five endocrine organs whose hormones are concerned 
with the regulation of carbohydrate metabolism. Insulin is in general 
opposed in its action by the hormones of the other four organs. The 
interplay between these hormones preserves the equilibrium between 
liver glycogen and blood sugar on the one hand and muscle glycogen 
and blood sugar on the other. There is also some degree of nervous 
control, centers in the hypothalamus helping to maintain the blood 
sugar level. The nervous control may act directly upon the metabolic 
activity of the liver or by way of the adrenal medulla or both. 

Protein and fat balance. Though our knowledge of the coordina- 
tion of the factors regulating carbohydrate balance is far from com- 
plete, it is still considerable. Our information on fat and protein 
balance is much scantier, which may indicate that these foodstuffs 
have an even more complicated metabolism than do carbohydrates. It 
is clear from our knowledge of endocrine disturbances that the pitui- 
tary and thyroid glands and the gonads have some effects on fat 
metabolism, directly or indirectly. Other endocrine glands may also 
be involved. The thyroid has an indirect effect on protein metabolism 
tnrough its control of oxidations (as it has with regard to other food- 
stuffs) and, more directly, favors the conversion of protein to carbo- 
hydrate. 

COORDINATION OF SALT AND WATER BALANCE 

In discussing the balance of any of the chemical constituents of the 
body, it is rather obvious that a great deal depends on how much of 
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them is ingested and how much leaves the body. Intake is, of course, 
largely a voluntary act, so that there is no strict control over it. In 
times of stress our bodies do indicate a need for certain items. The 
sensation of thirst is aroused when the body has too little water. 

Hunger pangs also are a warning that more food is needed. The 
pangs themselves do not give us an urge to eat specific things, but 
there are authentic reports that a specific deficiency can give rise to 
a craving for a specific foodstuff. For instance, there are cases of crav- 
ing for fat and for salt when those nutrients are deficient in the body. 
Feeding experiments on rats have shown that these animals select from 
an array of foods set before them those that are most suited to their 
bodily condition at the moment. We should not* however, depend on 
this working for human beings. Intelligent planning of a well-balanced 
diet is still a wise procedure. 

Water balance. Body water comes not only from that which we 
drink but also from that contained in foods and that released during 
metabolism. Water is lost to the body especially in the urine. Addi- 
tional amounts are lost in the feces, in the expired air, and in sweat. 

The amount of water lost in the feces, expired air, and sweat is 
ordinarily very great and is regulated, for the most part, by environ- 
mental factors beyond the control of the body. In a hot environment 
large amounts of water and salt can be lost in sweat. (This may be 
so severe as to induce heat cramps-'m the muscles. For treatment or 
prevention of this condition drinking salt water is the best thing.) 
But a large measure of coordination is effected through the amount 
of urine excreted. When a large amount of water is lost to the body 
through other avenues of escape, the kidneys secrete a more concen- 
trated urine of greatly decreased volume. 

The amount of urine excreted is largely determined by the pressure 
relationships in the blood reaching the kidneys. And the pressure rela- 
tionships in the blood are controlled by factors which we have previ- 
ously considered. The most important coordinating agents are, again, 
hormones. The posterior lobe of the pituitary secretes the anti-diuretic 
hormone which is the most important regulator of the amount of water 
reabsorbed in the kidney tubules. The salt-and-water hormone of the 
adrenal cortex also helps to regulate the amount of water reabsorbed. 
Its influence may be indirect to some extent in that its regulation of 
the reabsorption of water will be determined by the amount of salts 
that is reabsorbed by the tubules. That the thyroid hormone is prob- 
ably concerned with water balance is indicated by the accumulation 
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of fluid under the skin in myxedema. Administration of thyroid hor- 
mone promotes a copious secretion of urine in hypothyroid adults. 

Salt balance is definitely interrelated with water balance, for the 
osmotic influences exerted by salts largely determine how much and 
in what direction water will move in the body fluids. The salt-and- 
water hormone of the adrenal cortex preserves the normal concentra- 
tion of sodium and potassium salts in the blood and other body fluids 
by controlling how much of these salts will be reabsorbed in the kidney 
tubules. 

Calcium balance is regulated by the hormone of the parathyroid 
glands and vitamin D. Parathormone controls the level of calcium in 
the blood by regulating the equilibrium between calcium salts in bone 
and in the blood and apparently also regulates the amount excreted. 
Vitamin D is essential for the proper utilization of calcium salts in 
bone and thus more indirectly affects its level in the blood. 

COORDINATION OF THE ACTIVITIES OF THE BODY 

Although we have yet to complete our understanding of the exact 
mechanisms by which all acts of coordination and integration are ac- 
complished, some of the main outlines in this field are well estab- 
lished. When rapid adjustment to a change in internal or external 
circumstances is imperative, nerve impulses race over reflex arcs and 
a relatively prompt response ensues. Adjustments of this kind involve 
the acceleration of some processes, the inhibition of others. When only 
a relatively slow adjustment need be made, chemical mechanisms are 
brought into play. These are most often changes in metabolic state 
and will take more time to complete. 

We cannot make any hard-and-fast rule about this, though, for 
almost never is one activity solely influenced by nervous or chemical 
factors. There is usually a fine correlation between these two, other 
factors entering as well. For instance, when food is ingested a chemi- 
cal stimulus initiates the reflex response which starts it on its journey 
through the digestive tract. Along the way nervous, chemical, and 
mechanical factors are responsible for its being broken down, digested, 
and transported. Peristalsis is under reflex control but is usually initiated 
by a mechanical stimulus. Secretion of digestive juices is under the 
control of both nerve impulses and hormones. 

Another prominent example is the coordination of endocrine secre- 
tions themselves. The pituitary gland (anterior lobe) plays a promi- 
nent part in bringing this about by its secretion of tropic hormones. 
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These hormones regulate the amount of secretion of the thyroid, 
adrenal cortex, and gonadal hormones. Apparently coordination of 
these secretions results from their relative levels in the blood. A fall 
in estrin, for example, stimulates the liberation of FSH which pro- 
motes greater secretion of estrin. When estrin concentration reaches 
a certain height, secretion of FSH is inhibited. In this way a delicate 
balance is maintained and hormonal levels are continually shifted to 
meet new demands. 

Even in the case of endocrine secretions, though, nervous influences 
help in coordination. Certain glands are definitely subject to nervous 
control. The adrenal medulla generally secretes adrenaline only in re- 
sponse to nerve impulses reaching it over orthosympathetic nerve 
fibers. The posterior lobe of the pituitary is under the control of the 
nerve tract coming to it from the hypothalamus. There is considerable 
evidence indicating that insulin is secreted in response to stimulation 
of the vagus nerves. Certain evidence even suggests that some anterior 
pituitary functions are influenced by nerve impulses. 

Indirect control of endocrine secretions is vested partly in the auto- 
nomic nervous system, too. Vasoconstrictor and vasodilator fibers run 
to the blood vessels in the glands. These vasomotor nerves help to 
control the amount of blood reaching the gland and the secretion of 
hormones depends upon substances brought to the gland cells by the 
blood. 

Conversely, the nervous system itself does not function without the 
help of chemical coordinators. In the autonomic nervous system espe- 
cially, chemical substances released at nerve endings are responsible 
for transmitting nerve impulses to the next neuron or effector unit. 
We have also seen that carbon dioxide directly stimulates centers 
in the brain (vasomotor, respiratory centers). 

The integrating influence of chemical and nervous factors cannot 
be overestimated. In discussing the effects that go on in the body 
during exercise, we have seen that what might seem a bewildering 
number of activities are directed to a definite goal and, despite their 
diversity, achieve that goal. 

The large number of physiological constants that we have discussed 
— the number of red blood cells, the blood sugar level, the body tem- 
perature, etc. — can only remain stable by the preservation of equal 
rates of activity in the constructive and destructive processes at work 
“behind the scenes.” The maintenance of equality in rates of activity 
is the function of the coordinating agents that synchronize these proc- 
esses. And yet these same agents must be flexible and allow one or an- 
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other process to outstrip its antagonist if that is in the interest of the 
body at a particular moment. 

From confusion and anarchy of parts and processes the coordinators 
of the body produce a unified organism capable of meeting and over- 
coming most of the natural challenges of life. 


CHAPTER XXI 


Protection against Disease 


When we hear of the many ways in which something can go wrong 
with the “machinery” of our bodies, we are perhaps amazed that so 
many people are healthy. You may ask, “How can so delicately at- 
tuned a machine as man resist periodic, if not fatal, breakdown?” It is 
true that the body contains many delicate parts and that normal func- 
tion often appears to be separated from malfunction by a hairbreadth. 
At the same time we should realize that the body has amazing capaci- 
ties for resisting breakdown or counteracting the invasion of a disease- 
bearing organism. We shall be particularly interested in this latter 
process. 

THE FIRST LINE OF DEFENSE 

An infectious organism finds it relatively difficult to enter the body. 
Over most of the body surface the s\in affords a protective barrier 
of great impenetrability. Its outer portion is composed of stratified 
epithelium whose outer layers contain only dead cells. As cells die they 
are continually being pushed upward by the multiplication of the liv- 
ing cells beneath them and the top ones are shed. These dead cells 
form a rather horny tissue which effectively excludes bacteria unless 
broken at some point. 

If the organisms enter the oral or nasal cavities, they must penetrate 
the mucous membranes lining those cavities to get into the underlying 
tissues. Many of them are trapped in the mucous secretions which 
cover the surface of the membranes. Should they travel down into 
the pharynx and then into the trachea, not only the membranes and 
mucus bar their way but also the waving cilia which tend to sweep 
them toward the outside again. Or should they enter the esophagus 
and abdominal parts of the digestive tract, they are plunged into the 
very acid stomach contents. The acid is deadly poison for most bac- 
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teria. Even if they survive the acid, very few are able to penetrate the 
mucous membranes further down the digestive tract and, if they do, 
they are then passed out with the feces. 

THE INNER DEFENSES 

When the outer defenses are breached and bacteria invade the under- 
lying tissues, they must surmount other lines of defense if they are to 
live and multiply. 



Fig. 148 — A neutrophil “crawling” into the tissue spaces and ingesting 
bacteria. 

When bacteria are able to get below the skin, they must travel 
through other tissue before they can enter the blood stream. Generally 
they are unable to progress this far, for processes are set into motion 
which tend to localize the infection. As if drawn by invisible strings, 
neutrophils (also some monocytes) are very quickly attracted to the 
infected area. Squeezing between the cells of the capillary walls (Fig. 
148), these white blood cells progress by amoeboid motion into the 
tissue spaces and begin to ingest the bacteria. 

They are aided in their efforts by the production of inflammation 
in the region. The capillaries in the infected area dilate. The dilation 
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is due to toxic substances liberated by the bacteria or to chemical sub- 
stances having vasodilator action liberated from tissue cells killed by 
the bacterial poisons. The capillary dilation allows more than usual 
amounts of plasma to filter out into the tissue spaces. The plasma, of 
course, contains all the essential elements for clotting except cephalin 
and the latter is liberated front the destroyed tissue cells. The fluid 
clots and a ring of coagulated material surrounds the invaded region. 
Some time later connective tissue grows around the area which be- 
comes completely walled in. Until this happens, the danger of a spread 
of infection is always present. 

Within the inflamed region a veritable fight to the death is being 
waged by the neutrophils and bacteria. Many on both sides are killed. 
The dead bacteria, dead leucocytes, disintegrated tissue cells, and fluid 
constitute The walled-off area and its contents are called an 
abscess. Pimples and boils are of this nature. If the body cells win the 
fight (and most often they do), they then hew a path to the outside 
through the overlying tissue. This is in part accomplished by exerting 
their phagocytic action on the cells in their path, in part by digestion 
of those cells by means of a digestive enzyme which they produce. 
When the exterior has been reached, the pus is discharged. 

LYMPHATIC DEFENSES 

If the bacteria win the first round of battle, they may invade the 
thin-walled lymph vessels which are extremely numerous in almost 
every region of the body. Once in the lymph vessels they are carried 
along by the moving lymph. 

You will remember that situated along the course of the lymph ves- 
sels are many lymph nodes or glands. Lining the channels in the lymph 
nodes are large phagocytic cells which ingest in an amoeboid fashion 
bacteria passing through the channels. The lymph nodes are very effec- 
tive “strainers” of bacteria or of foreign particles of any kind and may 
effectively bottle up bacteria reaching them. 

Rather frequently their task is so tremendous that the nodes them- 
selves become swollen in the process of ingesting bacteria. They are 
then rather sensitive. The “swollen glands” so often characteristic of 
a “sore throat” are swollen lymph glands. 

The tonsils and adenoids are lymphoid tissues situated in the pharyn- 
geal region. In a great many of us they lose their fight against infection, 
become highly infected and inflamed themselves, instead of protecting 
us, as normally happens. Then they have to be removed to prevent 
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the spread of their bacterial contents to other more vital regions of the 

body. 

PHAGOCYTOSIS IN THE BLOOD 

Bacteria that do enter the blood may suffer the same kind of fate 
that awaits most of them in the superficial regions of the body. The 
neutrophils in the blood stream are no less voracious than when out- 
side it. They engulf bacteria as they meet them. 


Fig. 149— Phagocytic cells lining blood sinuses which ingest bacteria in 
amoeboid fashion. 

There are other large phagocytic cells which line the blood sinuses in 
the liver and spleen. For the most part these cells are fixed in position 
and cannot wander about. They still retain some amoeboid properties, 
however. As bacteria float near them in the blood, they stretch out 
pseudopods and ensnare the invaders (Fig. 149 ). 

OTHER BLOOD DEFENSES 

If all of the preceding defenses against the spread of bacteria have 
not eliminated them, there are agents produced in the blood that may 
do so. It is known that the introduction of any “foreign” protein (one 
not characteristic of the animal) into the blood causes the production 
of a substance in the blood which destroys that protein. The protein 
introduced is called a ti antigen and the substance that destroys it an 
antibody. One of the most remarkable aspects of this phenomenon is 
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that the antibody is specific for the antigen introduced and will not 
attack any other foreign protein. 

The introduction of any cells or their protein products, not peculiar 
to a particular species, into the blood of this species calls into play 
this antigen-antibody reaction. How it comes about is not clearly 
known. But we have been able to make good use of the phenomenon. 

The first time particular bacteria or their toxic products invade the 
blood an antibody may not be produced quickly enough to prevent 
disease from occurring. But, if the person recovers from the disease, 
it shows that the antibody has finally overcome the antigen. And what 
is more, a second infection with the same bacteria may result in no 
repetition of the disease. The antibody has remained in the blood since 
the first time and the person is said to have acquired immunity. Such 
immunity may last a lifetime for certain diseases. For others it may 
last a number of years and for still others may only persist a very short 
time. 

Of course, acquiring immunity by uncontrolled contact with disease- 
producing organisms is neither satisfactory nor desirable. But modern 
preventive medicine is evolving methods by which we can reduce the 
intensity or forestall the onset of an increasing number of diseases. In 
other words, with respect to certain diseases, it is now possible to im- 
part immunity safely to a person for a period of one or more years. 

Research indicates that the antibody formed for the same antigen 
is very similar in different animals. For this reason it has been possible 
to inject experimental animals with weakened cultures of disease- 
producing bacteria and give them a mild case of the disease. Especially 
if we repeat the injections a few times, the animal’s blood develops an 
antibody for the bacteria used. By injecting some of the serum from 
this blood into human beings the antibody can be transferred to an 
individual’s blood and he will be immune to the disease. Such injec- 
tion we know as inoculation or vaccination. “Vaccination” is the term 
usually applied for preventive injections against smallpox. The term 
“inoculation” is usually used for injections to provide immunity against 
other infectious or contagious diseases. 

How the antibody destroys the antigen that produced it varies some- 
what. Some antibodies increase the efficiency of phagocytic cells in 
combatting the bacteria. Others work by dissolving bacteria, by causing 
them to clump together and thus enabling them to be more easily 
ingested by phagocytes, or by neutralizing the poisons liberated by 
bacteria. 
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ALLERGY 

Some of us are for some obscure reason overly sensitive to certain 
substances or conditions in our environment. Eating certain foods 
causes some of us to break out in rashes; others of us get hay fever, 
rose fever, asthma, or some such disturbance from the pollen or other 
parts of certain plants; still others are peculiarly sensitive to heat, cold, 
light, or other physical agents. In all of these cases the persons affected 
are said to be allergic to the substance or condition in question. 

Allergies, antigen-antibody reactions, and the phenomena associated 
with transfusion of dissimilar blood into an individual all produce 
effects which have similarities to one another. They are all examples of 
bodily reactions to foreign substances or conditions. However, while 
antigen-antibody reactions and blood transfusion phenomena are com- 
mon to all human beings, specific allergic reactions occur only in some 
individuals. For example, a certain protein in a particular food is harm- 
less for the vast majority of people. Yet it evidently gets into the blood 
of some people without first being digested and tends to bring on 
allergic symptoms in these individuals. 

Probably most allergies are due to the reaction of the body to a 
foreign protein. But other chemical substances can be responsible as 
well. However, sensitivity to physical factors, such as dust, etc., al- 
though classed as allergy, may be due to different mechanisms of reac- 
tion in the body. 

GENERAL DEFENSE AGAINST DISEASE 

It is apparent that the more resistant the body is to disease, the more 
successful its bouts with foreign invaders will be. While many defenses 
will and do proceed despite hardships wrought upon them by lack of 
cooperation from the individual, some are weakened to such an extent 
by the general state of the body that their actions are feeble at best. 
A cold, for instance, is most effectively combatted by a body in good 
Condition. Too little sleep or the wrong kind of food can be of great 
help in catching a cold and in prolonging its duration. 

Things can sometimes go wrong in the body in spite of our efforts 
to prevent them simply because the human organism is such a compli- 
cated structure. But as we can see by the number of healthy individuals 
around us, much more often than not there are equally complicated 
and delicate protective devices that the body has to offer. 
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There is no doubt that we can aid the body’s drive for self-preserva- 
tion. A knowledge of how that drive manifests itself, particularly in 
fighting disease, has enabled medicine in many cases to know what 
to do when the body’s defenses have been inadequate. Vaccination is 
only one of many methods used in aiding the body to defend itself. 
That knowledge should also enable us to keep our bodies in as re- 
sistant a condition as possible. We can know, for instance, that we 
should get proper rest, proper food, proper exercise; that we should 
not be careless about breaks in the skin, about sore throats, about dirt, 
about exposing ourselves to disease unnecessarily, and about the aches 
and pains that give us warning of something being wrong. 

The body is inherently healthy in most cases and has its methods of 
remaining so. Healthy living will aid the body in its efforts. 


CHAPTER XXII 


The Health of the Body 


The normal functioning of any organism is the result of each of its 
parts doing the job for which it is responsible. And, more than that, 
each part must function as a cog in a larger unit, the organism itself. 
Before the arrival of man in the world, only those species and indi- 
viduals which did function normally and vigorously had much chance 
for survival. The “laws” of life were ruthless in this respect — the weak 
and the misfits were given little opportunity to perpetuate themselves. 

Those animals which survive today are, then, the more durable stock, 
those whose constitutions have been most suited to survival in the 
world they live in. Very few animals have a chance to live to a ripe old 
age. But while they are alive, their bodies are capable of responding in 
a healthy way to most of the demands that the environment may make. 

Man is unique among animals in that he has the ability to change 
his natural environment. But many of the things that have resulted 
from this ability have placed added handicaps in the way of living 
successfully and healthfully. Many people are crowded into unfit 
habitats, live in unsanitary conditions, receive improper nourishment, 
get too little sunlight, breathe in dirt and harmful gases, live too 
tensely and hurriedly. This is not meant to imply a plea for a “back 
to nature” movement. We cannot go backward, nor should we. Cities 
and factories are now part of our environment, evidence of our struggle 
to live long and well. But dirt, disease, and many other factors which 
contribute to improper functioning of our bodies need not be. Medical 
science has made many wonderful advances. But medical science alone 
cannot create a healthy people. We have the power — the knowledge 
and the means — to prevent many types of malfunction and disease 
before they occur. We hope that in the near future men will give to 
others and themselves the opportunities for the happiness that can 
result from healthy bodies. 
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CONSERVATION AND DISTRIBUTION OF ENERGY 
BY THE BODY 

The body has a surprisingly large number of factors of safety. These 
factors make for a great saving in the energy costs of living and for 
the preservation of life. For instance, we have two kidneys but can 
get along with one. Under normal conditions, then, not all of the 
renal units are in use at any one time. Some are active now, some 
later. The alternation of use of the kidney tubules saves wear and tear 
on any one since it imposes no excessive strain on it. 

Most of our endocrine organs have more glandular tissue than is 
needed to maintain normal amounts of the hormones they secrete. If 
part of a gland is removed or destroyed, the rest of its tissue reacts 
by multiplying at a greater rate and, in time, will replace the tissue lost. 

Except for the digestion of fat, we have more than one enzyme 
which is capable of breaking down ingested food into products that 
can be absorbed and used by the body. Thus, if the peptic activity of 
the stomach is impaired, the pancreatic and intestinal enzymes can 
adequately digest proteins. The abundance of enzymes normally active 
again insures a greater division of labor among the gland cells secreting 
digestive enzymes. 

There are many examples which might be mentioned, but the above 
will perhaps serve to illustrate. Other general activities insure an 
equitable distribution and sufficient production of usable energy. The 
metabolism of cells is so controlled and coordinated that in general just 
the amount of energy needed by the body is produced. This is not 
true in quantitative terms, of course, for we have seen that the effi- 
ciency of the body is only 25 per cent maximally. But all of the energy 
which can be used is generally used. And the extra energy is not all 
waste. Since the extra energy (and eventually most of the energy used) 
is converted into heat, it is used in the maintenance of body temper- 
ature. The proper body temperature in turn allows the proper chemical 
reactions to proceed. Only those regions required to be especially 
active at a given moment are very active; other regions merely keep 
maintenance reactions going. 

There is an elaborate mechanism for the delivery of energy-producing 
substances to regions where they are needed. We have seen that the 
active region itself provides the impetus for a greater blood supply to 
itself. “General headquarters” then sees to it that other regions tone 
down their demands. 
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There is a constant shuttling of metabolic essentials to and from 
cells as their needs vary. Energy is produced where and when needed; 
some is stored for future use (the foodstuff reserves) and the re- 
mainder is of use in the maintenance of body heat and metabolism. 

STRENGTH AND WEAKNESS 

A species or an organism is strong insofar as it can survive in its 
environment, weak insofar as it cannot. Though insects for the most 
part may be considered weak, their rate of breeding more than com- 
pensates for their other inadequacies. Some animals have a highly 
developed sense of smell, but lack the power to fight enemies success- 
fully; others have great strength, but may lack the ability to run fast 
enough to escape danger. All animals that have managed to survive 
would seem, then, to have a measure of weakness and a measure of 
strength, the latter being predominant. 

Man, with his highly coordinated nervous system, his brain, his 
ability to think in terms of suiting his environment to himself, has 
great potential strength. And in this very strength, perhaps, lies his 
greatest weakness. 

The highly developed brain of man is his unique claim to superiority 
in an evolutionary sense. The ability to conquer the land, the sea, and 
the air with his brain and hands is his weapon of survival. Yet the 
brain and the nervous system are most easily subject to injury, and 
these organs of greatest specialization cannot be replaced if destroyed. 

Without them, man would be less than the lower animals, if he 
could live at all. For through them, and particularly through his cere- 
bral cortex, man is able to coordinate and integrate the many sensations 
that he continually receives. 

He forms these sensations into concepts which lead to coordinated 
responses if they are necessary or desired. We have seen how well 
reflex responses of all levels are adapted to their purposes and how a 
well-coordinated balance of excitatory and inhibitory impulses controls 
responses of muscles. An interplay between the elements of the dif- 
ferent levels of the nervous system is responsible for the delicate 
adjustments that man more than any other animal can make. 

Injury to the brain would be catastrophic, as you can see. But it 
is well protected from physical injury by the skull, its blood supply is 
especially protected by the carotid sinus ; mechanism, and it receives 
essential materials preferentially in times of need. This fragile and all- 
important organ does not fail us without a struggle. 
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THE ORGANISM AS A WHOLE 

In discussing the activities of the body we have selected this system 
or that process and dealt with each as a more or less isolated phenom- 
enon. This has been necessary, of course, since it is a virtual impos- 
sibility to understand a complicated organism without knowing the 
details of the activities of its parts. However, nothing could be farther 
from the truth than a belief that any part or activity of the organism 
is independent of the rest. 

We find that if we start to discuss the functions of any one system 
of the body we are inevitably forced to bring in ail the other systems 
of the body. Each system is quite intimately related to and dependent 
upon all others. A man is not merely a union of organs, systems, and 
activities; he is a highly integrated individual whose every part or 
process is normally working toward the maintenance of his life and 
individuality. 

When he receives a stimulus from his external or internal environ- 
ment, there is not just a localized response or change that results. He 
responds as an organism and a great variety of things occur in his 
many parts. Sometimes we are conscious of these many effects when 
the stimulus is sufficiently strong or surprising. At other times we are 
not aware that a realignment of forces has taken place in our “innards.” 

The perpetuation of an individual depends a great deal on the un- 
conscious forces at work within him. They control his “destiny” at 
almost every point along the way, enabling him to do this but not that, 
coloring his mental attitudes, helping to give rise to and influencing 
his emotions. If his metabolism or digestion or circulation is not 
normal, for instance, his will and desires and reasoning capacities 
cannot have free play. Yet much as the individual is dependent for 
existence and fullness of life upon his internal functions and capacities, 
they in turn are much influenced by the higher levels of activity that 
have been superimposed upon them during the long course of evolu- 
tion and during the shorter span of his own life. In other words, one 
without the other is not capable of creating the organism we know as 
man. 

In this sense “mind” and “body” are but two aspects of the same 
thing. One cannot exist without the other. The health of the body is 
the health of the mind and vice versa. Each has its proper place in the 
making of a healthy, normal individual. 


APPENDIX 


The Metric System 

i kilometer = 1000 meters == 5 /& of a mile 

(approx.) 

i meter (m.) = 100 centimeters — 39.36 inches 

•s= 1000 millimeters (mm.) 

1 centimeter (cm.) = 10 millimeters = 0.39 inches 

1 liter (1.) = 1000 milliliters (ml.) = 1 quart (approx.) 

= 1000 cubic centimeters (cc.) 

1 cubic centimeter = 10O0 cubic millimeters 

1 kilogram (kg.) = 1000 grams = 2.2 pounds (approx.) 

1 gram (g.) 1000 milligrams (mg.) 


Temperature 

Fahrenheit Centigrade 


Freezing point of water 
Boiling point of water 


3 2 

212 ° 


To convert from Fahrenheit into Centigrade: 

(Degrees Fahrenheit —32) X % " Degrees Centigrade. 

To convert from Centigrade into Fahrenheit: 

(Degrees Centigrade X %) + 3 2 ~ Degrees Fahrenheit. 
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Abdominal cavity, 4, 34-36 
Abscess, 319 

Absorption, 14, 126-27, 136-37 

Acetylcholine, 200 

Acids, 18; in blood, 139-40, 240-41 

Acromegaly, 245 

Addison’s disease, 237 

Adenoids, 85, 3x9 

Adrenal glands, 10, 37, 227, 235-39, 298, 
312-15 

Adrenal medulla, 235-37, 298, 312, 315 
Adrenaline, 236-37, 298, 312, 3x5 
Air, 93-95 

Air-sacs, 6, 24, 88-89 

Albumin, 46 

Alcohol, 127, 138 

Alkalis, x 8; in blood, 139-40 

Allergy, 322 

All-or-none response, 165-66, 175 
Alveoli, 89, 95-99, 290 
Amino acids, 20-21, in, 113-14, 127, 
258-60, 271-73; essential, 259-60 
Amoeba, 12-13, 26, 38, 87, 106, 13 1, 146, 
157, 246, 274, 288 
Amoeboid movement, 13, 45, 288 
Anatomy, defined, 1; microscopic, 33 
Anemia, 42-43, 227; pernicious, 43 
Anesthesia, 176 
Antibodies, 320-22 
Anus, 5, 123 

Aorta, 53-55, 75-77. 101-2 
Aphasia, 195 
Appendicitis, 129 
Arms, 143-44 
Arteries, 6, 53-54, 68-78 
Arterioles, 69-71, 75 -77, 134-35, 284-85, 
296 


Arteriosclerosis, 78, 140 
Articulation, 293-94 
Asphyxia, 176 
Asthma, 237, 322 
Asynergia, 191 
Atlas, 294 

Auricles, 53, 55, 59-61, 66 
Axis, 294 

Axons, 32, 159-60, 172, 1 88, 198 

Backbone, 141-44 

Bacteria, 92, 114, 124, 129, 3x7-21 

Balance, chemical, 3x1-14 

Bases, 18; in blood, 139-40 

Basophils, 44 

Bile, in, 116-17 

Bile pigments, 41, 111, 124, 129, 132 
Biochemistry, defined, 87 
Biology, defined, x 
Bladder, 7, 37, 132, 135-36, 139 
Blood, 5-6, 38-52, 74-82, 96-99, 132, 
240, 260, 288, 312, 318-20 
acidity, 139-40 
circulation time, 80, 298 
coagulation, 47-50, 261, 263 
and excretion, 134-38 
flow, 77-82, 295, 306 
red cells, 6, 23-24, 40-44, 51, 278, 298, 
305 

and respiration, 95-99 

sugar in, 47, 239-41, 311-12 

types, 52, 322 

viscosity, 74-75 

volume, 51-52, 74 

water in, 51, 260 

white cells, 38, 44-46 
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Blood pressure, 60-61, 69-79, 135-38, 
243, 296, 298 

Blood vessels, 6, 24-27, 53-55. 68-81, 
134-40, 145, 284-85, 296, 319 
Bones, 30, 141-45, 261, 279-81, 293-94 
Brain, 8, 9, 34, 63-65, 100-102, 125, 157- 
59, 176, 183-96, 200, 211, 214, 284- 
85, 296, 306-9, 312, 315 
association areas, 195 
auditory center, 194 
motor area, 193-94, 306, 315 
respiratory area, 100-102, 315 
salivary centers, 1x4 
sensory area, 193-95 
visual area, 194 
Brain stem, 183-89 
“Brain waves," 193-94 
Breathing, see Respiration 
Bronchi, 6, 34, 88 
Bronchioles, 88, 237, 289 
Bulbourethral glands, 248 

Caffeine, 138 

Calcium, 19, 47-48, 132, 144, 261, 279- 
80,314 

Calories, 257-58, 264-65 
Calorimeters, 267-68 
Cancer, 279 

Cannon’s emergency theory, 236-37 
Capillaries, blood, 6, 24-25, 53, 68-69, 
75, 134-40, 285, 319 
Capillaries, lymph, 83-84, 319 
Capsules, renal, 132-38 
Carbohydrate balance, 3x1-12 
Carbohydrates, 19-20, no, 113, 121, 257- 
58, 261, 264, 271-73, 297 
Carbon dioxide, 6, 7, 24, 63, 66, 78, 81, 
93. 95-99. i°2-3, I54> 225, 295-97 
Carbon monoxide poisoning, 99 
Carotid arteries, 77 

Carotid sinuses, 75-77, 101-2, 185, 326 
Carpals, 143, 293-94 
Cartilage, 30, 87, 279-80 
Casein, 111 

Catalysts, 21, no, 261-62 
Cathartics, 124 
Cecum, 1 14 

Cell, n-15, 21-26, 87, 274-83, 279 
Cellulose, 114, 124 
Centrosomes, 275 


Cephalin, 48, 319 

Cerebellum, 176, 184-85, 189-91, 200 
Cerebral hemispheres, 176, 184-85, 188, 
189, 191-96 

Cerebrospinal fluid, 186-87 
Cervix, 250 

Chemical agents and reactions, 3, 7, 109- 
28, 154-55, 225, 282, 3M-I5, 322, 
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Chemical definitions, 15-16 
Chemical stimuli, 63, 66, 78, 106-30, 160, 
200-201, 209, 221, 282, 3x4-15 
Chest, see Thoracic cavity 
Chlorophyll, 12 
Chloroplasts, 12 
Cholecystokinin, 117 
Cholesterol, in, 129 
Chromosomes, 275-78 
Cilia, 88, 288-90, 317 
Circulatory system, 5-6, 24-27, 38-85, 
96-99, 134-40, 145, 240, 243, 260, 
284-85, 296, 298, 301-2, 306, 311- 
12, 319 
Clavicle, 143 

Coagulation of blood, 47-50, 261, 263 
Coagulation of. milk, ni, 261 
Coccyx, 144 
Cochlea, 290 

Colloidal solutions, 22-23 
Conditioned reflexes, x 14, 196, 302, 307-9 
Connective tissue, 28-31, 108-9, 219, 319 
Constipation, 124 

Contractility, 30-32, 56, 148-56, 299-301, 
304 

Coordination, 157, 225, 3 63, 395, 302, 
310-16 

Corpus luteum, 252, 254-56 
Cortex, adrenal, 235, 237, 312-15 
Cortex, cerebral, 184, 192-96, 214, 307-9 
Cortex, renal, 132-34 
Coughing, 104 

Cranial cavity, 34, 104, 143-44, 279, 293 
Cranial nerves, 159, 184-86, 197 
Cretinism, 2, 329 
Cushing’s disease, 245 
Cytolysis, 42 

Cytoplasm, 12-14, 22, 29, 32, 275-78 

Deafness, 218 
Dendrites, 32, 159, 171-72 
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Dermis, 33 

Descartes, on pineal body, 227 
Dextrose, 19 

Diabetes, 240-41, 243, 31 1 
Diaphragm, 6, 34, 89-91, 290-91, 296 
Diarrhea, 124 
Diastole, 59, 70, 74, 78 
Diet, 257-65 
Diffusion, 24, 106 
Digestion, 13, 14, 109-14 
Digestive system, 5, 34, 106-30, 3x4 
Disease, protection against, 317-23 
Diseases, circulatory, 42-43, 45, 50, 78- 
79, 83-84, 140, 227, 260, 263 
deficiency, 261-64 
digestive, 129, 240-41, 243, 311 
kidney, 79, 140 
nervous, 186 
pituitary, 245 
respiratory, 92-93, 237 
thyroid, 229-35, 286, 3x4 
venereal, 189 
Diuresis, 138, 243, 313 
Ductless glands, 9-10, 37, 225-45, 314-15, 
325 

Duodenum, 11 1-1 2, 116-17 
Dust, reaction to, 322 
Dwarfism, 245, 281 

Ear and hearing, 185, 188, 189, 194, 214- 

Edema (dropsy), 83, 84, 263 
Edema, nutritional, 260 
Effectors, 157, 171-72 
Egg cells, 10, 277 

Electrical stimuli, 58, 160-68, 201 ‘ 

Electrocardiogram, 61-62 
Embryology, defined, 1 
Emergency theory, 236-37 
Emotions, 66, 188, 305 
Endocrine system, 9-10, 37, 225-45, 298, 
312-15 

Energy, 3, 7, 8, 154-55, 266-73, 325 
Environment, 270, 322-326 
Enzymes, 31, 109-14, 260-63, 272, 325 
amylase, 112 
enterokinase, 112 
erepsin, 113 
gastric lipase, m 
intestinal lipase, 113 


lactase, 113 
maltase, 113 
pancreatic lipase, 112 
pepsin, hi, 1 15 
ptyaline, no, 113, 115 
rennin, in 
sucrase, 113 
trypsin, 112 
Eosinophils, 44 
Epidermis, 33 
Epidydimis, 248 
Epiglottis, 1 19 

Epithelium, 27, 33, 88-89, 108, 127, 317 

Equilibrium, 200, 218-20, 280 

Erythrocytes, 40 

Esophagus, 5, 34, 108, 118-20 

Estrous cycle, 250 

Eustachian tube, 215 

Evolution, 308, 310, 326 

Excretory system, 7, 14, 131-40 

Exercise, 295-302 

Eye and vision, 184, 188, 194, 201-13, 
262, 292 

astigmatism, 207 
binocular vision, 210 
blind spot, 209 
color perception, 210 
corresponding points, 211 
distance vision, 212 
farsightedness, 206 
nearsightedness, 207 
rods and cones, 208-11 
visual purple, 209, 262 

Facial muscles and nerves, 185, 292 
Fallopian tubes, 250, 252 
Fatigue, 155, 176, 180, 298, 301, 303-9 
Fat balance, 312 

Fats, 20, m-13, 117, 121, 258, 261, 264, 
271-73; in blood, 240, 312 
Fatty acids, 20, 112-14, 127, 258 
Feces, 41, 123-24, 132 
Female reproductive system, 250-56 
Femur, 143-44, 294 
Fever, 287 
Fibrin, 46, 48-49 
Fibula, 143 

Filtration, 25, 82, 135-38, 279 
Follicle cells, 252 

Food and nutrition, 109-28, 257-65, 322 


332 INDEX 


Fovea, 209-10 
Fructose, 1 13 

Galactose, 113 

Gall-bladder, in, 1x7 

Gallstones, 129 

Ganglia, 157-59, 171, 197-98 

Gastric secretion, 110-ix, 115-17, 258 

Gelatin, 259 

Genes, 276 

Giantism, 245 

Glands, 5-10, 325; see also Ductless 
glands, Endocrine system, and Hor- 
mones 
Globulin, 46 
Glomerulus, 134-38 
Glucose, 19, 1 13, 127, 137, 138, 272 
in blood, 47, 239-41, 295-98, 31 1-12 
in urine, 136, 240 
Glycerol, 20, 1 12-14, 127 
Glycogen, 20, 154-55. 24°. 272, 297-98, 
304,311-12 
Goiter, 230-31 

Gonads, 10, 227, 244-56, 312 
Growth, 14, 253-56, 263, 274-81 
Gyri, 192 

Hair, 33 

Head, see Cranial cavity 
Health, 324-27 
Hearing, see Ear 
Heart, 6, 53-77, 3 01-2 
beat, 56-63, 66, 67, 261, 296, 298, 302 
muscles, 30-32, 66, 120, 296 
output, 67, 74, 296, 302 
rate regulation, 63, 66, 77 
Heat, body, 3, 155, 223, 266-72, 282-87, 
295, 298, 325; loss of, 283-84, 295 
Heat stroke, 286 
Hemoglobin, 41, 96-99, 132, 261 
Hemolysis, 42 
Hemophilia, 50 

Hemorrhage, 43, 51-52, 236-37 
Henle’s loop, 133-34, 136 
Hiccoughing, 104 
Hilum, 134 
Histology, defined, 33 
Hormones, 8, 225, 248-55, 260-61, 281, 
325 

adrenal, 238-89, 312 


adrenaline, 236-37, 298, 312, 315 
anti-diuretic, 243, 313 
estrin, 254-56, 316 
follicle-stimulating, 254, 315 
gastrin, 1 1 6, 227 
gonadotropic, 244, 249-50, 254 
growth, 244, 280 
insulin, 241-43, 311, 315 
lactogenic, 244, 255 
luteinizing, 254 
parathormone, 234, 281, 314 
pituitary, 281, 311-12 
pituitrin, 243 
progesterone, 254-56 
sal t-and -water, 238-39, 313 
secretin, 116-17, 227 
sex, 239, 248-51, 281, 315 
testosterone, 249-50 
thyroglobulin, 231-32, 281, 312-14 
thyroxin, 232 

“tropic,” 244, 281, 286, 314-15 
Humerus, 143, 294 
Hunger, 125-26, 313 
Hyperopia, 206 
Hyperparathyroidism, 234-35 
Hypertension, 78 
Hyperthyroidism, 229-33, 286 
Hypoparathyroidism, 234-35 
Hypophysis, 242 
Hypotension, 79 

Hypothalamus, 184, 200, 284-85, 307-8, 

312,315 

Hypothyroidism, 229-33, 286, 3x4 
Immunity, 321 

Impulses, see Nerve; see also Stimuli 
Inflammation, 318 
Innominate bone, 143, 293 
Inoculation, 321 

Inorganic compounds, 19, 47, 127, 132, 
144, 154-55; balance, 312-14 
Insulin, 241-43, 311, 315 
Intestinal juice, 113 

Intestines, large, 5, 34-37, 108, 114, 123- 

24, 132 

Intestines, small, 5, 34-37, 107-8, 111- 
14, 122, 127, 148, 227 
Invertebrates, 141, 159, 179, 278 
Iodine for thyroid, 2, 231 
Ions, 17-18, 139, 161-66, 232-34, 238 



INDEX 


333 


Irritability, 13, 47, 148-52, 157, 159, 165- 
68, 175, 260, 304; threshold, 150, 
166, 177-79 

Jaundice, 129 
Joints, 293-94 

Kidney, 7, 37, 132-40, 227, 239, 285, 
313-14, 319, 325; disease, 79, 140 
Kleitman’s theory on sleep, 307-9 
Knee jerk, 172 

Kymograph, 56-58, 71, 150-52 

Lactation, 255 
Lacteal, 128 

Lactic acid, I54~55» 297-98, 304, 3°7> 3 11 

Lactose, 113 

Lacunae, 30 

Larynx, 87-88 

Lead poisoning, 132 

Lecithin, xu 

Legs, 143-44 

Leucocytes, 44, 319 

Leukemia, 45 

Ligaments, 30, 293 

Liver, 5, 9, 34, 111-12, 116-17, 129, 227, 

272-73, 311-12 

Lumen, 108 

Lungs, 6-7, 53, 87, 90-93, 132, 284, 297 
Lymph, 6, 83-85, 319 
Lymph nodes, 45, 84, 319 
Lymphatic system, 6, 82-85 
Lymphocytes, 44, 46, 84 

Magnesium, 47 

Male reproductive system, 247-50 

Maltose, no, 113 

Mammary glands, 255 

Mandible, 141 

Marrow, 43-44, 145 

Matrix, 28-30 

Maxillary bones, 104 

Mechanical stimuli, 106-30, 160, 223-24, 
3i4 

Medulla, brain, 63-65, 176, 184, 187-89, 
200, 296; see also Adrenal medulla 
and Renal medulla 

Membranes, mucous, 33, 88, 107-8, 127, 
3*7 


Membrane theory of nerve impulse, x6i~ 
65 

Meninges, 186 
Meningitis, 186 
Menopause, 255-56 
Menstrual cycle, 251, 253, 255-56 
Mesentery, 37,1x2 

Metabolism, 14, 132, 136-67, 154, 17 6, 
188, 228, 238, 240, 261, 266-73, 
282-83, 295, 299, 304, 310-16, 325- 
26; basal, 228-30, 268-70 
Metacarpals, 143 
Metals, heavy, 132 
Metatarsals, 143, 294 
Milk, in, 259, 261 

Minerals, 19, 47, 132, 144, 154-55, 260- 
61, 265, 312-14 
Mitosis, 275-78 
Monocytes, 44 

Mouth, 5, 87, 107, X09, 1 14, 117-18, 185, 
221-22 

Mucosa, 33, 88, 107-8, 127, 317 
Muscle, 7-8, 30-34, 66, 80, 89, 146-56, 
177, 179-81, 189-90, 194, 198, 200, 
208, 272, 284-85, 290-92, 294-304., 
325-26 

cardias, 30-32, 66, 290, 304 
skeletal (voluntary), 30-31, 34, 80, 
146-56, 200, 272, 283, 284, 290-91, 
295-304 

smooth (involuntary), 30-32, 198, 208, 
284-85, 290-91, 295 

Muscle tone, 156, 179-81, 189-90, 194, 
253. 285, 307 
Myeline sheath, 167-69 
Myoneural junction, 172, 174, 177, 201 
Myopia, 207 
Myxedema, 229, 3 1 4 

Nails, 33 

Nasal cavity, 6, 104, 144 
Nephrons, 132-34, 140 
Nerve, 8, 160-69, 174-77 

centers, .65, 1 00-102, 114, 187-89, 193- 
95 

fibers, 32, 157-73, 179-80, 2x1, 218 
impulses, 8, 160-71, 261, 296 
tracts, 32, 182-83, 188-89, r 94 
Nerves, accelerator, 296 
aortic, 77 
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auditory, 185, 188, 189, 194, 218 
cardiac, 63-65, 77 
cranial, 159, 184-86, 197 
digestive, 108, 1 14-17, 121-23 
facial, 185 
intercostal, 100 

motor (efferent), 65, 114, 1 19, 171-72, 
180, 184-86, 193-94, 3°6, 3 I 5 

muscle, 148-51 
oculo-motor, 184 
olfactory, 184, 221 
optic, 184, 21 1 
phrenic, 100 
salivary, 185, 187 

sensory (afferent), 65-66, 100-102,1 14, 
•lig; i7o-7t, 179-80, 184-86, 188, 
193-95 

spinal, 159, 186 

vagus, 63-65, 101, 1x6, X2i, 185, 200, 
297, 315 

vasomotor, 75-77, 81, 315 
Nervous system, 8-9, 157-224 
autonomic, 197-200, 290, 315 
central, 8, 157-59, 169, 176, 197-98, 
302,304 

peripheral, 8, 159, 168-69, 176 
sympathetic, 197-200, 315 
Neurilemma, 167-69 

Neurons, 32, 157-60, 171-79, 182, 193- 
94, J 97-98, 21 1, 278 
Neutrophils, 44-45, 288, 318-20 
Nitrogen, 47, 93 
Nostrils, 87 ; 

Nuclei, 12, 29, 31-32, 184, 275-79 
Nutrition, 109-28, 257-65 

Occipital bone, 294 
Optic nerve, 184, 21 1 
Oral cavity, 6 , 144 

Organic compounds, 19-20, 144, 154-55 
Organisms, 5, 278, 310, 323, 327 
Organs, 5-10, 33-34, 197-200, 281, 290 
Osmosis, 25-26, 128, 314 
Osmotic pressure, 26, 42, 47, 82-83, 138, 
260 

Ovaries, 10, 37, 250-54 
Oviducts, 37, 250 

Oxidation, 3, 7, 154, 227-28, 240-41, 281, 
286, 295, 297, 311-12; of food, 267- 
68, 271-73 


Oxygen, 3, 6-7, 24, 43, 86, 93-99, 102-3, 
154-55, 176, 267-68, 280, 304; debt, 
155, 297-302 

Pain, 188, 223 

Pancreas, 5, 10, 37, 112, x 16-17, 227, 
239-43, 3ii 
Paramecium, 289 

Parathyroid glands, 10, 37, 227, 232-35, 
314 

Pavlov, on reflexes, 307 
Pectoral girdle, 141-43, 144 
Penis, 248 
Pepsin, xii, 115 
Peptides, 1 12-13 
Peptones, 111-13, n6 
Pericardium, 34 
Peristalsis, 119-25,314 
Peritoneum, 37 
Peritonitis, 129 
Phagocytes, 319-20 
Phagocytosis, 288 
Phalanges, 143, 294 

Pharynx, 5—6, 34, 87-88, 102, 1x8, 120, 
185 

Phosphates, 47, 144, 154-55 
Physiology, defined, 2-3 
Pineal body, 227 

Pituitary glands, 10, 37, 184, 227, 242-45, 

249.256,311-15 

Pituitrin, 243 
Placenta, 255-56 
Plasma, 46-47, 95-97, 260, 3x9 
Pleura, 34 

Polarization, 161-66 
Posture, 179-81, 189 
Potassium, 19, 47, 3x4 
Pregnancy, 253-56 
Prostate gland, 248 
Protein balance, 3 1 1 

Proteins, 20-21, 25, 111-13, 115, 121, 
258-60,264-65,271-73,297,3x1 
in blood, 46, 260 
as buffers, 139 
foreign, 322 
incomplete, 259 
Proteoses, 11 x-x 3, 116 
Protoplasm, 12, 16-23, 258, 274-75 
Pseudopods, 13, 288, 320 
Pulse, 60-70 
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Pus, 319 

Pylorus, ui, 1 15, 120-21 

Radius, 143, 294 
Reabsorption, 136-37 
Receptors, 9, 157, 171-74, 197-98, 201, 
216, 218-24, 284, 290, 296 
Rectum, 5, 37, 123-24 
Reflex arc, 171-76, 304, 314 
Reflexes, 9, 157, 169-72, 187 
acquired, 173 
aortic arch, 75-76, 10 1-2 
Bainbridge, 296 
cardiac, 66 
chain, 174, 180 

conditioned, 114, 196, 302, 307-9 
coordinated, 174 
cortex, 195-96 

crossed extension, 172-73, 177-79 
digestion, 1x4; 1x8 
ear, 21 8-20 

enteroceptive, 174, 201 
extensor, 180-81 
exteroceptive, 174, 201 
eye, 202, 208 
flexion, 172-81 
inherited, 173 
knee jerk, 172 

proprioceptive, 174, 180, 189, 201, 222, 
307 

respiratory, 1 00-104 
scratch, 175 
simple, 174 
stretch, x 80-81, 189 
urination, 139 
vasomotor, 75-77 
Renal medulla, 132-34 
Renal system, 7, 132-40, 227, 239, 285, 
3I3-I4. 319. 325 
Repair and regeneration, 278-79 
Reproductive system, xo, 14, 37, 246-56 
Respiratory system, 6, 14, 24, 34, 53, 86- 
104, 132, 237, 284, 289-91, 296-97 
Rest, 303-9 
Ribs, 141-43 

Richards experiments on urine, 136 

Sacrum, 143 
Saliva, 109-10, 1 14 


Salivary glands, 5, 107, 1 14-15, 185, 187 
Salts, inorganic, 19, 47, 127, 132, 144, 
254-55; balance, 312-14 
Scapula, 143, 294 
Sciences, biological, 1-3, 33, 87 
Scrotum, 247, 250 
Semen, 247-50 

Sense organs, 9, 109, 201, 221-23; see 
Ear; see also Eye 
Serum, 48 
Sex cells, 276-78 

Sex differences, 246-56, 270; secondary 
characteristics, 249-50, 253, 256 
Sex glands, 10, 247-56 
Sherrington nerve theory, 177-79 
Sighing, 104 
Simmond’s disease, 245 
Sinuses, arterial, 74; blood, 320; carotid, 
75-77. 1 01-2, 185, 326 
Sinuses, head, 104 
Skeleton, 34, 141-45 

Skin, 7, 27, 33, 87, 132, 222-23, 283-85, 
295. 306, 3*7 
Skull, 34, 141-44, 293 
Sleep, 270, 303-9 
Smallpox, 321 
Smell, sense of, 184, 221 
Sneezing, 104 
Sodium, 19, 47, 314 
Sphincters, 108, 120-23, *39 
Specific energies, law of, 223 
Sperm cells, 10, 246-52, 276-77, 289 
Spinal cord, 8, 37, 143-44, 157-59, 169- 
72, 176-83, x86, 197-98 
Spindles, 275 
Spleen, 74, 298 

Starches, 20, no, 113, 257-58, 272 
Starling’s law of the heart, 63 
Stethoscope, 62, 72-73 
Stimuli, 13, 149-51. 157-76, 279, 309 
chemical, 63, 66, 78, 106-30, 160, 200- 
20X, 209, 221, 282, 314-15, 322 
electrical, 58, 160-68, 201 
mechanical, 106-30, 160, 223-24, 314 
summation of, 165, 175, 178 
thermal, 160, 223, 314 
Stomach, 5, 34, 108, 110-11, 115, 120-21, 
127, 227, 317 
Structure, 1, 33-37 
Sucrose, 20, 113 
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Sugars, 19-20, no, 1 13, 137-38, 272 
in blood, 47, 239-41, 311-12 
in urine, 136, 240 
Sulci, 192 
Sunstroke, 286 
Sutures, 293 
Swallowing, 185, 187 
Sweat glands, 7, 132, 284-85 
Sympathin, 200 

Synapses, 172, 174-75, 177-78, 198 
Syncytium, 33 
Systems of the body, 5-10 
Systole, 59, 70, 73, 74, 78 

Tarsals, 143, 293-94 
Taste, 109, 185, 221-22 
Temperature, body, 223, 266-72, 282-87, 
295=298,325 
Temporal bones, 144 
Tendons, 30, 291 
Testes, 10, 37, 247-51 
Tetanus contraction, 152-54, 175-76 
Tetany, 233-34 
Thalamus, 184, 188, 196, 21 1 
Thinking and learning, 195-96 
Thirst, 109 
Thoracic cavity, 4, 34 
Thrombin, 48 
Thrombosis, 49-50 
Thymus gland, 227 

Thyroid gland, 2, 10, 37, 227-32, 312, 314 
Thyroxin, 232 
Tibia, 143-44,294 
Tissue fluid, 6, 82-83 

Tissues, 5-10, 27-32, 108-9, 144-45, M8- 
56, 159, 175-76, 247, 250, 278-80, 
319; abnormal, 279 
Tonsils, 85, 319 
Trachea, 6, 34, 87-89, 289 
Transfusion, 52, 322 
Tuberculosis, 92 


Tubules, 132-38, 247, 250 
Tumors, 279 

Ulcers, 129 

Ulna, 143. 294 

Urea, 136, 137, 138 

Ureters, 7, 37, 132, 135-39, 291 

Urethra, 7, 132, 135, 139, 248 

Urine, 7, 132, 135-39, 243, 3*3 

Vaccination, 321 
Vacuoles, 12, 13, 106, 131 
Vagina, 250, 252-53 

Vagus nerves, 63-65, 101, 1x6, 121, 185, 
200, 297, 315 
Vas deferens, 248 

Veins, 6, 53-54, 66, 68, 69, 79-81, 134, 
296 

Ventricles, 53, 55-63, 69-70, 72, 186-87 
Vertebrae, 141-43, 293-94 
Vertebral column, 141-44 
Vertebrates, 141, 159, 169, 279 
Vesicles, seminal, 248 
Villi, 127, 148 

Viscera, 5-10, 34, 197-200, 281, 290 
Vision, see Eye 

Vitamins, 257-58, 261-65, 272, 281, 314 
Vocal cords, 104, 119 
Vomiting, 125-26, 187 

Water, 16-17, 25-26, 109, in, 124, 127, 
132 

balance, 312-13 
in blood, 51, 260 
Windpipe, see Trachea 

X-rays, 120, 23a 

Yawning, 104 

Zein, 259 



